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ABSTRACT

The report documents work carried out over the period 31 July 1996 to 31 December
1997 on a Multi-University Research Initiative (MURI) program under Office of Naval
Research (ONR) sponsorship. The program couples transducer materials research in the
Materials Research Laboratory (MRL), design and testing studies in the Applied Research
Laboratory (ARL) and vibration and flow noise control in the Center for Acoustics and
Vibration (CAV) at Penn State.

The overarching project objective is the development of acoustic transduction
materials and devices of direct relevance to Navy needs and with application in commercial
products. The initial focus of studies is upon high performance sensors and high authority
high strain actuators. This objective also carries the need for new materials, new device
designs, improved drive and control strategies and a continuing emphasis upon reliability
under a wide range of operating conditions.

In Material Studies, undoubtedly major breakthroughs have occurred in the ultra-
high strain relaxor ferroelectric systems. Earlier reports of unusual piezoelectric activity in
single crystal perovskite relaxors have been amply confirmed in the lead zinc niobate : lead
titanate, and lead magnesium niobate : lead titanate systems for compositions of
thombohedral symmetry close to the Morphotropic Phase Boundary (MPB) in these solid
solutions. Analysis of the unique properties of 001 field poled rhombohedral ferroelectric
crystals suggests new intrinsic mechanisms for high strain and carries the first hints of how to
move from lead based compositions. A major discovery of comparable importance is a new
mode of processing to convert PVDF.TTFE copolymer piezoelectric into a relaxor
ferroelectric in which electrostrictive strains of 4% have been demonstrated at high fields.
Both single crystal and polymer relaxors appear to offer energy densities almost order of
magnitude larger than in earlier polycrystal ceramic actuators.

Transducer Studies have continued to exploit the excellent sensitivity and remarkable
versatility of the cymbal type flextensional element. Initial studies of a small cymbal arrays
show excellent promise in both send and receive modes, and larger arrays are now under
construction for tests at ARL. New studies in constrained layer vibration damping and in flow
noise reduction are yielding exciting new results.

In Actuator Studies, an important advance in piezoelectric generated noise control
now permits wider use of acoustic emission as a reliability diagnostic technique. Joint studies
with NRL, Washington have developed a completely new d, 5 driven torsional actuator and the
CAV program element has designed an exciting high strain high force inchworm.

Finite element analysis continues to be an important tool for understanding the more
complex composite structures and their beam forming capability in water. Thin and Thick
Thin Film Studies are gearing up to provide the material base for micro-tonpilz arrays. New
exploitation of ultra sensitive strain and permittivity measurements is providing the first
reliable data of electrostriction in simple solids, and suggesting new modes for separating the
polarizability contributors in dielectrics and electrostrictors.
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Piezoelectric Actuators

Kenji Uchino
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Piezoelectric and electrostrictive devices have become key components in smart actuator/sensor
systems su-h as precision positioners, miniature ultrasonic motors and adaptive mechanical
dampers. This article reviews developments of piezoelectric and related ceramic actuators with
particular focus on the improvement of actuator materials, device designs and drive/control

techniques of actuators. Developments will be compared among USA, Japan and Europe.

Trends in Micro-Mechatronics

Piezoelectric actuators are forming a new field between electronic and structural ceramics [1-4].
Application fields are classified into three categories: positioners, motors and vibration
suppressors. The manufacturing precision of optical instruments such as lasers and cameras, and
the positioning accuracy for fabricating semiconductor chips, which must be adjusted using solid-
state actuators, is of the order of 0.1 um. Regarding conventional electromagnetic motors, tiny
motors smaller than 1 cm3 are often required in office or factory automation equipment and are
rather difficult to produce with sufficient energy efficiency. Ultrasonic motors whose efficiency is
insensitive to size are superior in the mini-motor area. Vibration suppression in space structures

and military vehicles using piezoelectric actuators is also a promising technology.

New solid-state displacement transducers controlled by temperature (shape memory alloy) or
magnetic field (magnetostrictive alloy) have been proposed, but are generally inferior to the
piezoelectric/electrostrictive ceramic actuators because of technological trends aimed at reduced

driving power and miniaturization [4].



Ceramic Actuator Materials

Practical Actuator Materials

Actuator materials are classified into three categories; piezoelectric, electrostrictive and phase-
change materials. Modified lead zirconate titanate [PZT, Pb(Zr,Ti)O3] ceramics are currently the
leading materials for piezoelectric applications. The PLZT [(Pb,La)(Zr,'i'i)Og.] 7/62/38 compound
is one such composition [5]. The strain curve is shown in Fig.1(a) left. When the applied field is
small, the induced strain x is nearly proportional to the field E (x = d E, where d is called the
piezoelectric constant). As the field becomes larger (i.e., greater than about 1 kV/cm), however,
the strain curve deviates from this linear trend and significant hysteresis is exhibited due to
polarization reorientation. This sometimes limits the usage of such materials in actuator

applications that require nonhysteretic response.

An interesting new family of actuators has been fabricated in Germany from a barium stannate
titanate system [Ba(Sn,Ti)O3] [6]. The useful property of Ba(Sn(.15Ti(.85)03 is its unusual
strain curve, in which the domain reorientation occurs only at low fields, and there is then a long
linear range at higher fields (Fig.1(a) right); i.e., the coercive field is unusually small. Moreover,
this system is particularly intriguing since it contains no Pb ions, an essential feature as ecological

concerns grow in the future.

The second category of actuators is based on electrostriction as in PMN [Pb(Mg1/3Nb2/3)03]
based ceramics, developed in USA. Although a second-order phenomenon of electromechanical
coupling x=ME 2, where M is called electrostrictive constant), it can be extraordinarily large:
(more than 0.1 %) [7]. An attractive feature of these materials is the near absence of hysteresis

(Fig.1(b)). The superiority of PMN to PZT was demonstrated in a Scanning Tunneling




Microscope (STM) [8]. The PMN actuator could provide extremely small distortion of the image

even when the probe was scanned in the opposite direction.

The third category is based on phase-change-related strains, i. e. polarization-induced by switching
from an antiferro-electric to a ferroelectric state, as systematically investigated by our group[9].
Figure 1(c) shows the field-induced strain curves taken for the lead zirconate stannate based system
[Pb0.99Nb0.02((ZrxSn1-x)1-yTiy)0.9803). The longitudinally induced strain reaches more than
0.3 %, which is much larger than that expected in normal piezostrictors or electrostrictors. A
rectangular-shape hysteresis in Fig.1(c) left, referred to as a "digital displacement transducer”
because of the two on/off strain states, is interesting. Moreover, this field-induced transition
exhibits a shape memory effect in appropriate compositions (Fig.1(c) right). Once the ferroelectric
phase has been induced, the material "memorizes” its ferroelectric state even under zero-field
conditions, although it can be erased with the application of a small reverse bias field [10]. This
shape memory ceramic is used in energy saving actuators. A latching relay in Fig.2 is composed
of a shape memory ceramic unimorph and a mechanical snap action switch, which is driven by a
pulse voltage of 4 ms duration. Compared with the conventional electromagnetic relays, the new

relay is much simple and compact in structure with almost the same response time.

Novel Actuator Materials

A monomorph device has been developed to replace the conventional bimorphs, with simpler
structure and manufacturing process. The principle is a superposed effect of piezoelectricity and
semiconductivity [11]. As shown in Fig.3, the contact between a semiconductor and a metal
(Schottky barrier) causes non-uniform distribution of the electric field, even in a compositionally
uniform ceramic. When we apply an external voltage to this semiconductor plate, the field is

generated only on one side of the plate. Suppose that the ceramic possesses also piezoelectricity,



only one side of a ceramic plate tends to contract, leading to a bending deformation in total. A
monomorph plate with 30 mm in length and 0.5 mm in thickness can generate 200 pum tip
displacement, in equal magnitude of that of the conventional bimorphs [12]. The "rainbow"
actuator by Aura Ceramics [13] is a modification of the above-mentioned semiconductive
piezoelectric monomorphs, where half of the piezoelectric plate is reduced, rendering it

semiconducting. This leads to bending of a total monomorph ceramic plate.

A photostrictive actuator is a fine example of an intelligent material, incorporating "illumination
sensing" and self production of "drive/control voltage" together with final "actuation.” In certain
ferroelectrics, a constant electromotive force is generated with exposure to light, and a
photostrictive strain results from the coupling of this bulk photovoltaic effect to inverse
piezoelectricity. A bimorph unit has been made from PLZT 3/52/48 ceramic doped with tungsten
[14]. The remnant polarization of one PLZT layer is parallel to the plate and in the direction
opposite to that of the other plate. Upon irradiation with violet light onto one side of the PLZT

bimorph, a photovoltage of 1 kV/mm is generated, causing a bending motion. The tip displacement

of a 20 mm long bimorph with 0.4 mm in thickness is 150 um, with a response time of 1 s.

A photo-driven micro walking device has been developed [15]. As shown in Fig.4, it is simple in
structure, having neither lead wires nor electric circuitry, with two bimorph legs fixed to a plastic
board. When the legs are alternately irradiated with light, the device moves like an inchworm with
a speed of 100 mm/min. |

PZT:polymer composites play a key role in the design of transducers such as sonars with both
actuator and sensor functions [16]. In general, two-phase cpmposites can be categorized, -
according to the connectivity of each phase (1, 2 or 3 dimensionality), into 10 classes. Most
popular composites are the 3-0 type,Awhich is fabricated from a polymer matrix mixed with PZT

ceramic powder, and the 3-1 composite which is composed of PZT fibers embedded in a polymer




matrix. A great enhancement in the effective piezoelectric (sensor) coefficient g* can be expected
in the composites while keeping the effective piezoelectric (actuator) coefficient d* almost the same
as d of the PZT itself. Although the PZT composites are very useful for acoustic transducer
applications, care must be taken when using them in actuator applications. Under an applied dc
field, the field induced strain exhibits a large hysteresis and creep, because of the viscoelastic
property of the polymer matrix. More serious problems are found when they are driven under a
high ac field; that is, heat generation. The heat generated by the ferroelectric hysteresis in the
piezoceramic can not be dissipated easily due to the very low thermal conduction of the polymer

matrix, which results in rapid degradation of piezoelectricity.

Another intriguing application of PZT composites is as a passive mechanical damper, where
mechanical noise vibration is radically suppressed by the converted electric energy dissipation
through Joule heat when a suitable resistance, equal to an impedance of the piezoelectric element
1/@C, is connected to the piezo-element [17]. Piezoceramic:carbon black:polymer composites are
promising useful designs for practical application. Figure 5§ shows the damping time constant
change with volume percentage of the carbon black. The minimum time constant (i.e. quickest
damping) is obtained at 6 % carbon black, where a drastic electric conductivity change is observed

(percolation threshold) [18].

Actuator Designs

Two of the most popular actuator designs are multilayers [19] and bimorphs (see Fig.6). The
multilayer, in which roughly 100 thin piezoelectric/electrostrictive ceramic sheets are stacked
together, has advantages in low driving voltage (100 V), quick response (10 ps), high generative

force (1000 N) and high electromechanical coupling. But the displacement in the range of 10 pum

is not sufficient for some applications. This contrasts with the bimorph, consisting of multiple



piezoelectric and elastic plates bonded together to generate a large bending displacement of several

hundred pm, but the response (1 ms) and the generative force (1 N) are low.

A 3-D positioning actuator with a stacked structure was also proposed by a German company as in
Fig.7, where shear strain was utilized to generate the x and y displacements [20]. Polymer-packed
PZT bimorphs have been commercialized in USA, aiming at vibration reduction/control

applications in smart structures[21].

A composite actuator structure called the "moonie” (or "cymbal") has been developed at Penn State
University to provide characteristics intermediate between the multilayer and bimorph actuators;
this transducer exhibits an order of magnitude larger displacement than the multilayer, and much
larger generative force with quicker response than the bimorph [22]. The device consists of a thin
multilayer piezoelectric element and two metal plates with narrow moon-shaped cavities bonded
together as shown in Fig.6. The moonie with a size of 5x 5 x 2.5 mm3 can generate a 20 um
displacement under 60 V, eighth times as large as the generative displacement of the multilayer
with the same size [23]. This new compact actuator has been applied to make a miniaturized laser

beam scanner.

Drive/Control Techniques

Piezoelectric/electrostrictive actuators may be classified into two categories, based on the type of
driving voltage applied to the device and ﬁxe nature of the strain induced by the voltage (Fig.8): (1)
rigid displacement devices for which the strain is induced unidirectionally along an applied dc field,
and (2) resonating displacement devices for which the alternating strain is excited by an ac field at
the mechanical resonance frequency (ultrasonic motors). The first can be further divided into two

types: servo displacement transducers (positioners) controlled by a feedback system through a



position-detection signal, and pulse-drive motors operated in a simple on/off switching mode,

exemplified by dot-matrix printers.

The materials requirements for these classes of devices are somewhat different, and certain
compounds will be better suited to particular applications. The ultrasonic motor, for instance,
requires a very hard type piezoelectric with a high mechanical quality factor Q, leading to the
suppression of heat generation. Driving the motor at the antiresonant freJquency, rather than at the
resonant state, is also an intriguing technique to reduce the load on the piezo-ceramic and the power
supply [24]). The servo-displacement transducer suffers most from strain hysteresis and,
therefore, a PMN electrostrictor is used for this purpose. The pulse-drive motor requires a low
permittivity material aiming at quick response with a certain power supply rather than a small
hysteresis so that soft PZT piezoelectrics are preferred to the high-permittivity PMN for this

application.

Pulse drive techniques for ceramic actuators are very important for improving the response of the
device [25,26]. Figure 9 shows transient vibrations of a bimorph excited after a pseudo-step
voltage is applied. The rise time is varied around the resonance period (n is the time scale with a
unit of Tg/2, where T stands for the resonance period). It is concluded that the overshoot and
ringing of the tip displacement is completely suppressed when the rise time is precisely adjusted to
the resonance period of the piezo-device (i. e. for n = 2) [25]. A flight actuator was developed
using a pulse-drive piezoelectric element and a steel ball. A 5 pm rapid displacement induced in a
multilayer actuator can hit a 2 mm steel ball up to 20 mm in height [25). A dot-matrix printer head
has been developed using a flight actuator as shown in Fig.10 [27]. By changing the drive voltage
pulse width, the movement of the armature was easily controlled to realize no vibrational ringing or

double hitting.



Device Applications

Table I compares the difference in the ceramic actuator developments among USA, Japan and

Europe. The details will be described in this section.

USA

The target of the development is mainly for military-oriented applications such as vibration
suppression in space structures and military vehicles. Notice the up-sizing trend of the actuators

for these purposes.

A typical example is found in a space truss structure proposed by Jet Propulsion Laboratory [28].
A stacked PMN actuator was installed at each truss nodal point and operated so that unnecessary
mechanical vibration was suppressed immediately. A "hubble" telescope has also been proposed
using multilayer PMN electrostrictive actuators to control the phase of the incident light wave in the
field of optical information processing (Fig.11) [29]. The PMN electrostrictor provided superior

adjustment of the telescope image because of negligible strain hysteresis.

The US Army is interested in developing a rotor control system in helicopters. Figure 12 shows a
. bearingless rotor flexbeam with attached piezoelectric strips [30]. Various types of PZT-
sandwiched beam structures have been investigated for such a flexbeam application and for active

vibration control [31].




Japan

Japanese industries seek to develop mass-consumer products, with the categories limited to mini-
motor and positioner areas, with applications to office equipment and cameras/video cameras. In

that sense, tiny actuators smaller than 1 cm3 are the main focus.

A dot matrix printer is the first widely-commercialized product using ceramic actuators. Each
character formed by such a printer is composed of a 24 x 24 dot matrix. A printing ribbon is
subsequently impacted by a multiwire array. A sketch of the printer head appears in Fig.13(a)
[32]. The printing element is composed of a multilayer piezoelectric device, in which 100 thin
ceramic sheets 100 um in thickness are stacked, together with a sophisticated magnification
mechanism (Fig.13(b)). The magnification unit is based on a monolithic hinge lever with a
magnification of 30, resulting in an amplified displacement of 0.5 mm and an energy transfer
efficiency greater than 50 %. A piezoelectric camera shutter is currently the largest production item .
(Fig.14). A piece of piezoelectric bimorph can open and close the shutter in a milli-second through
a mechanical wing mechanism [33]. Piezoelectric gyro-sensors are now widely used to detect the
noise motion of a handy video camera. Figure 15 shows a Tokin cylinder type gyroscope {34].
Among the 6 electrode strips, two of them are used to excite total vibration and the other two pairs
of electrode are used to detect the Coriolis force or the rotational acceleration cause by the hand
motion. By using the gyro signal, the image vibration can be compensated electrically on a

monitor display.

Efforts have been made to develop high-power ultrasonic vibrators as replacements for
conventional electromagnetic motors [35]. The ultrasonic motor is characterized by "low speed
and high torque,” which is contrasted with "high speed and low torque” of the electromagnetic

motors. Two categories are being investigated in Japan for ultrasonic motors: a standing-wave

type and a propagating-wave type.
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The standing-wave‘ type is sometimes referred to as a vibratory-coupler type or a "woodpecker”
type, where a vibratory piece is connected to a piezoelectric driver and the tip portion generates flat-
elliptical movement. Attached to a rotor or a slider, the vibratory piece provides intermittent
rotational torque or thrust. The standing-wave type has , in general, high efficiency, but lack of
control in both clockwise and counterclockwise directions is a problem. An ultrasonic linear motor
equipped with a multilayer piezoelectric actuator and fork-shaped metallic legs has been developed
as shown in Fig.16 [36]. Since there is a slight difference in the mechanical resonance frequency
between the two legs, the phase difference between the bending vibrations of both legs can be
controlled by changing the drive frequency. The walking slider moves in a way similar to a horse
using its fore and hind legs when trotting. A trial motor 20 x 20 x 5 mm3 in dimension exhibited a
maximum speed of 20 cm/s and a maximum thrust of 0.2 kgf with a maximum efficiency of 20 %,
when driven at 98 kHz of 6 V (actual power = 0.7 W). This motor has been employed in a

precision X-Y stage.

By comparison, the propagating-wave type (a surface-wave or “surfing" type) combines two
standing waves with a 90 degree phase difference both in time and in space, and is controllable in
both rotational directions (Fig.17) [37]. By means of the traveling elastic wave induced by the thin
piezoelectric ring, a ring-type slider in contact with the "rippled” surface of the elastic body bonded
onto the piezoelectric is driven in both directions by exchanging the sine and cosine voltage inputs.
Another advantage is its thin design, which makes it suitable for installation in cameras as an
automatic focusing device. 80 % of the exchange lenses in Canon "EOS" camera series have

already been replaced by the ultrasonic motor mechanism.

Europe
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Ceramic actuator development has begun relatively recently in Europe, and the research topics
range widely. The current focus by major manufacturers is directed towards products such as lab-

stages and steppers with sophisticated structures.

Figure 18 shows a walking piezo motor with 4 multilayer actuators [38). The two shorter
actuators function as clamps and the longer two provide the movement by an inchworm

mechanism.

Future of Ceramic Actuators

20 years have passed since the intensive development of piezoelectric actuators began in Japan,

then spread worldwide. The focus has now shifted to practical device applications.

The markets in the USA are limited to military and defense applications, and it is difficult to
estimate the sales amount. The current needs from the Navy are smart submarine skins,
hydrophone actuators, propeller noise cancellation etc., from the Air Force smart aircraft skins,
while the Army requires hilicopter rotor twisting, aeroservoelastic control and cabin noise/seat

vibration cancellation.

In Japan, piezoelectric camera shutters (Minolta Camera) and automatic focusing mechanisms in
cameras (Canon), dot-matrix printers (NEC) and part-feeders (Sanki) are now being
commercialized and mass-produced by tens of thousands of pieces per month. A number of
patents have been disclosed particularly by NEC, TOTO Corporation, Matsushita Electric, Brother
Industry, Toyota Motors, Tokin, Hitachi Metal, and Toshiba.
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We estimate the annual sales in 2005 in Japan, of ceramic actuator units, camera-related devices
and ultrasonic motors to reach $500 million, $300 million and $150 million, respectively [39].

These are installed in final actuator-related products, likely reaching $10 billion.

Future research trends will be divided into two ways: up-sizing in space structures and down-
sizing in office equipment. Further down-sizing will also be required in medical diagnostic
applications such as blood test kits and surgical catheters. The Penn Sta;é University is developing
separate component motors with a diameter as small as 3 mm, using a "windmill" shape torsional
vibration coupler, which provide a torque around 0.1 mN-m [40]. Piezoelectric thin films
campatible with silicon technology will be of much focus in micro-electromechanical systems. An
ultrasonic rotary motor as tiny as 2 mm in diameter, fabricated on a silicon membrane is a good
example (see Fig.19) [41]. However, these thin/thick film actuators cannot separately be used and
the whole device size is relatively large. Photo-driven actuators with remote control capability will
be developed not only for light-weight flexible space structures, but also for micro-robot

‘applications.

With expansion of applications of ceramic actuators, durability and reliability become more
important. The final goal is to develop much tougher actuator ceramics mechanically and
electrically. However, the reliability can be improved significantly if the degradation mechanisms

can be monitored.

Safety systems or health monitoring systems have been proposed with two feedback mechanisms:
position feedback which can compensate position drift and hysteresis, and breakdown detection
feedback which can stop the actuator system safely without causing any serious damage onto the
work, e.g. in a lathe machine [42]. Acoustic emission and internal potential measurements, and
resistance monitoring of a strain-gauge type internal electrode embedded in a piezo-actuator under a

cyclic electric field drive are good predictors of life time [43].
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Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Figure Captions

Electric field-induced strains in ceramics; (a) Piezoelectric (Pb,La)(Zr,Ti)O3 and
Ba(Sn,Ti)03. (b) Electrostrictive Pb(Mg1/3Nb2/3,Ti)03. (c) Phase-change material
Pb(Zr,Sn,T1)O3.

Latching relay using a shape memory ceramic unimorph. The drive requires a 4 ms pulse
voltage, not a continuous voltage, which provides a 150 pm tip displacement to the

unimorph.

Electron energy band (Schottky barrier) model in monomorph devices (n-type
semiconductor). When an external voltage is applied to this semiconductor plate, the field
is generated only on one side (cathode) of the plate. Through its piezoelectricity, only

cathode side of a ceramic plate tends to contract, leading to a bending deformation in total.

Structure of a photo-driven walking device and the illumination directions. Each leg is
composed of two photostrictive PLZT plates bonded together, with the remnant
polarization of one ceramic layer parallel to the plate and in the direction opposite to that of

the other plate.

Damping time constant change with volume percentage of carbon black in piezoelectric
composite dampers. The minimum time constant (quickest damping) is obtained at the

percolation threshold.

Typical designs for ceramic actuators: multilayer, moonie and bimorph.
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Fig.7 3-D positioning multilayer actuator. Notice that the x- and y-stacks are using shear mode

with the spontaneous polarization perpendicular to the applied electric ficld direction.
Fig.8 Classification of piezoelectric/electrostrictive actuators.

Fig.9 Transient vibration of a bimorph excited after a pseudo-step voltage applied. n is a time

scale with a unit of half of the resonance period, i. e. 2n=resonance period.
Fig.10 Dot-matrix printer head using a flight actuator mechanism.
Table I Difference in the ceramic actuator developments among USA, Japan and Europe.
Fig.11 "Hubble" telescope using three PMN electrostrictive actuators for optical image correction.

Fig.12 Bearingless rotor flexbeam with attached piezoelectric strips. Slight change of the blade

angle provides drastic enhancement of controllability.

Fig.13 Structure of a printer head (a), and a differential-type piezoelectric printer-head element (b).
A sophisticated monolithic hinge lever mechanism amplifies the actuator displacement by

30 times.
Fig.14 Camera shutter mechanism using a piezoelectric bimorph actuator.
Fig.15 Piezo-ceramic cylinder vibratory gyroscope for detecting rotary acceleration.
Fig.16 Ultrasonic linear motor of a vibratory coupler type. Choosing slightly different size legs,

90 degree phase lag of the vibration can be obtained by tuning the drive frequency, which

corresponds to "trotting" mode.
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Fig.17 Design of the surface wave type motor (a), and its electrode configuration (b) by Shinsei

Industries. Most of the ultrasonic motor researches are tracing this design.

Fig.18 Walking piezo motor using an inchworm mechanism with 4 multilayer piezoelectric

actuators by Philips.

Fig.19 Ultrasonic micro-motor on a silicon diaphragm.
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US Japan Europe

TARGET Military-oriented Mass-consumer ' Lab-equipment
product product product
CATEGORY Vibration Mini-motor Mini-motor
» suppressor Positdoner Positioner
Vibration
SUppIessor
APPLICATION Space sttucture  Office equipment Lab stage/stepper
FIELD Military vehicle Camera Airplane
Precision machine Automobile
Automobile Hydraulic system
ACTUATORSIZE = Up-sizing Down-sizing Intermediate size
(30cm) (lcm) (10cm)
MAJOR AVX/Kyocera  Tokin Corp. Philips
MANUFACTURER Morgan Matroc NEC Siemens
Itek Opt. Systems Hitachi Metal Hoechst CeramTec
Burleigh Mitsui-Sekka Ferroperm
AlliedSignal Canon Physik Instrumente
Seiko Instruments

Table 1
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OVERVIEW: MATERIALS ISSUES IN DESIGN AND PERFORMANCE
OF PIEZOELECTRIC ACTUATORS
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The Pennsylvania State University, University Park, PA 16802, Phone:814-863-8035

Abstract

Performance of ceramic actuators is dependent on complexed factors, which are divided
into three major categories: properties of the ceramic itself, coupled issues with the device
design and drive technique. This paper reviews important issues from these viewpoints.
Investigation on the compositional change of the actuator ceramics and the doping effect is
a primary issue to enhance the induced strains and to stabilize temperature and external
stress dependence. The device design affects considerably its durability and life time.
Failure detection or health monitoring methods of ceramic actuators will increase the
reliability against their users remarkably. Regarding drive techniques of the ceramic
actuators, pulse drive and ac drive require special attention; the vibration overshoot after
applying a sharp-rise step/pulse voltage onto the actuator causes a large tensile force and a

long-term application of ac voltage generates considerable heat.




I. INTRODUCTION

The application area of ceramic actuators has become remarkably wide [1,2]. New
actuator materials such as phase change materials, reduced piezoelectric monomorphs and
photostrictors have also been proposed, which seem to be very promising. There still
remain, however, problems in reliability that need to be addressed before these devices can
become general-purpose commercialized products. Performance of ceramic actuators is
dependent on complexed factors, which are divided into three major categories: properties
of the ceramic itself, coupled issues with the device design and drive technique. This paper

reviews important issoes from these viewpoints.

II. MATERIALS IMPROVEMENTS

The reproducibility of the strain characteristics depends strongly on grain size, porosity
and impurity content. Increasing the grain size enhances the magnitude of the field-induced
strain, but degrades the fracture toughness and increases the hysteresis [3]. The grain size
should be optimized for each application. Hence, fine powders made from wet chemical
processes such as coprecipitation and sol-gel will be required.

Porosity does not affect the strain behavior significantly. Figure 1 shows the tip
deflection of a unimorph made from Pb(Mg1/3Nb2/3)O3 based material plotted as a
function of sample porosity {4). The deflection did not show a difference below 8 % of
porosity.

The impurity, donor- or acceptor-type, provides remarkable changes in strain. Figure 2
shows dopant effect on the field induced strain in (Pbg.73Bag.27) (Zrp.75Ti0.25)03 [5).
Since donor doping provides "soft” characteristics, the sample exhibits larger strains and

less hysteresis when driven under a high electric field (1 kV/mm). On the contrary, the



acceptor doping provides "hard" characteristics, leading to a very small hysteretic loss and
a large mechanical quality factor when driven under a small AC electric field (i. e.
ultrasonic motor applications!).

Figure 3 shows the temperature rise versus vibration velocity for undoped, Nb-doped
and Fe-doped Pb(Zr,Ti)O3 samples. The suppression of heat generation is remarkable in
the Fe-doped (acceptor-doped) ceramic [6].

The temperature dependence of the strain characteristics must be stabilized using either
composite or solid solution techniques [7]. The recent new trends are found in developing
high temperature actuators for engine surroundings and cryogenic actuators for laboratory
equipment and space structures.

Ceramic actuators are recommended to be used under bias compressive stress, because
the ceramic is, in general, relatively weak for externally applied tensile stress. Figure 4
shows compressive uniaxial stress dependence of the weak-field piezoelectric constants d
in various PZT. Note the significant enhancement in the d values for hard piezoelectric
ceramics [8]. Systematic studies on stress dependence of induced strains are eagerly
awaited, including the composition dependence of mechanical strength.

Although the aging effect is very important, not many investigations have been done so
far. The aging effect arises from two factors: depoling and destruction. Creep and zero-
point drift of the displacement are caused by the depoling of the ceramic. Another serious
degradation of the strain is produced by a very high electric field under an elevated
temperature, humidity and mechanical stress. Change in lifetime of a multilayer
piezoelectric actuator with temperature and DC bias voltage has been reported by Nagata

[9]. The lifetime under DC bias voltage obeys an empirical rule:
tpc=AEnexp(WDO/KT), - )

where WDC is an activation energy ranging from 0.99 - 1.04eV.



III. NOVEL CERAMIC ACTUATOR MATERIALS

Novel functions of materials are sometimes realized by superimposing two different
effects. Newly discovered materials, shape memory ceramics, monomorphs and
photostrictors, are using sophisticatedly coupled effects of piezoelectricity with another
different phenomenon. The shape memory function arises from a phase transition, while
the monomorph and the photostriction are associated with a semiconductor contact effect
and a bulk photovoltaic effect, respectively. These "very smart” multifunctional actuator

materials will be utilized for future promising devices.

SHAPE MEMORY CERAMICS

Concerning the phase-change-related strains, polarization induction by switching from
a macroscopically nonpolar into a polar state, as in switching from an antiferroelectric to a
ferroelectric state, has been proposed. Different from a shape memory alloy, the strain
control is made electrically in the antiferroelectric ceramic, leading to much faster response
and lower drive power than in the alloy. After the first report by Berlincourt et al. [10],
lead zirconate based ceramics were investigated intensively on the field induced strain
characteristics, and a shape memory effect was discovered [11,12].

Figure 5 shows the field-induced strain curves taken for the lead zirconate stannate-
based system [Pbo_99Nbo_02((erSn1-x)1-y'l'iy)(),9303]. The longitudinally induced
strain reaches up to 0.4%, which is much larger than that expected in normal piezoelectrics
or electrostrictors. A rectangular-shape hysteresis in Fig. 5 left, referred to as a "digital
displacement transducer” bacause of the two on/off strain states, is interesting. Moreover,
this field-induced transition exhibits a shape memory effect in appropriate compositions
(Fig. 5 right). Once the ferroelectric phase has been induced, the material will "memorize”

its ferroelectric state even under a zero-field condition, although it can be erased with the



application of a small reverse bias field. Recent researches by other groups were focused
on sample fabrication processes and composition search for obstaining larger induced
strains [13,14].

This shape memory ceramic was used in energy saving actuators. A latching relay in
Fig. 6 was composed of a shape memory ceramic unimorph and a mechanical snap action
switch, which was driven by a pulse voltage of 4ms [15]. Compared with the conventional
electromagnetic relays, the new relay was much simple and compact in structure with

almost the same response time.

MONOMORPH ACTUATORS

A conventional bimorph-type actuator consists of two piezoelectric plates bonded
together and electroded so that their piezoelectric expansion/contraction directions are
opposing one another. This actuator will execute a large bending motion of several 100um
with the application of an electric field. The most serious problem associated with this type
6f actuator concerns the bonding of the ceramic plates and the elastic shim. Poor adhesion
between these individual elements results in the rapid deterioration of the device after
repeated use and displacement drift (creep). The monomorph actuator made from only one
ceramic plate, which can achieve the bending displacement, will be a promising design in
its simple construction. While avoiding the bonding problems of the bimorph structure, it
also allows for significant cost reduction and production efficiency in manufacturing.

The operating principle is based on the coupling of a semiconductor contact |
phenomenon with the piezoelecu'ic/electrostrictive effect [16]. When metal electrodes are
applied to both surfaces of a semiconductor plate and a voltage is applied as shown in Fig.
7(a), electric field is concentrated on one side (Schottky barrier), thereby generating a non-
uniform field within the plate. By making the piezoelectric slightly semiconductive in this

manner, contraction along the surface occurs through the piezoelectric effect only on the




side at which the electric field is concentrated. The non-uniform field distribution generated
in the ceramic causes an overall bending of the entire plate. Figure 7(b) is a modified
structure, where a very thin insulative layer improves the breakdown voltage [17].

Research is underway focused on barium titanate-based and lead zirconate titanate-
based piezoelectric ceramics to which additives have been doped to produce semiconductive
properties. The PZT ceramics were made semiconductive by preparing solid solutions with
a semiconductive perovskite compound (K1/2Bi1/2)ZrO3. When 300V was applied to a
ceramic plate with 20 mm in length and 0.4 mm in thickness, fixed at one end, the tip
deflection as much as 200 pm could be obtained, equal in magnitude to that of bimorphs
(Fig. 8) [18].

The "rainbow" actuator by Aura Ceramics [19] is a modification of the above-
mentioned semiconductive piezoelectric monomorphs, where half of the piezoelectric plate
is reduced so as to make a thick semiconductive electrode to cause a bend. Figure 7(c)
shows the electron energy band structure of the "rainbow”. The monomorph was applied
to a simple speaker. Though its acoustic characteristics were not satisfactory in comparison
with the conventional piezoelectric unimorph types, the monomorph speaker has

advantages in mass-production and cheap cost.

PHOTOSTRICTIVE ACTUATORS

The photostrictive effect is a phenomenon in which strain is induced in the sample
when it is illuminated. This effect is focused especially in the field of micromechanism.
On decreasing the size of miniaturized robots/actuators, the weight of the electric lead wire
connecting the power supply becomes significant, and remote control will be definitely
required for sub-millimeter devices. A photo-driven actuator is a very promising candidate

for micro-robots [20].



In certain ferroelectrics, a constant electromotive force is generated with exposure of
light, and a photostrictive strain results from the coupling of this bulk photovoltaic effect to
inverse piezoelectricity. A bimorph unit has been made from PLZT 3/52/48 ceramic doped
with slight addition of niobium or tungsten {21]. The remnant polarization of one PLZT
layer is parallel to the plate and in the direction opposite to that of the other plate. Figure 9
shows the structure of a photo-driven bimorph in contrast to a voltage-driven one. Notice
large illumination area, small capacitance and d33 usage, leading to large bending with
quick response. When a violet light is irradiated to one side of the PLZT bimorph, a
photovoltaic voltage of 1 kV/mm is generated, causing a bending motion. The tip
displacement of 150 pm was obtained within a couple of seconds for a 20 mm bimorph
with 0.4 mm in thickness.

A photo-driven micro walking device, designed to begin moving by light illumination,
has been developed [22]). As shown in Fig. 10, it is simple in structure, having neither
lead wires nor electric circuitry, with two bimorph legs fixed to a plastic board. When the
legs are irradiated alternately with light, the device moves like an inchworm with a speed of
100 pm/min.

Very recently photo-mechanical resonance of a PLZT ceramic bimorph has been
successfully induced using chopped near-ultraviolet irradiation, having neither electric lead
wires nor electric circuits [23). A dual beam method was used to irradiate the two sides of
the bimorph alternately. The achievement of photo-induced mechanical resonance suggests

the promise of photostrictors as vibration actuators such as "ultrasonic motors."

IV. RELIABILITY OF DEVICES

Popular silver electrodes have a serious problem of migration under a high electric field

and high humidity. This problem can be overcome with usage of a silver-palladium alloy




(or more expensive Pt). To achieve inexpensive ceramic actuators, we need to introduce
Cu or Ni electrodes, which requires a sintering temperature as low as 900°C. Low
temperature sinterable actuator ceramics will be the next target to research.

Delamination of the electrode layer is another problem in multilayer types as well as
bimorphs. To enhance adhesion, composite electrode materials with metal and ceramic
powder colloid, ceramic electrodes, and electrode configurations with via holes are
recommended for use [24). To suppress the internal stress concentration which initiates the
crack in the actuator device, several electrode configuations have been proposed, as shown
in Fig. 11: plate-through type, slit-insert type, and float-electrode-insert type [25]. The
reason why the lifetime is extended with decreasing layer thickness has not yet been
clarified.

Lifetime prediction or health monitoring systems have been proposed using failure
detection techniques [26]. Figure 12 shows such an "intelligent” actuator system with AE
monitoring. The actuator is controlled by two feedback mechanisms: position feedback,
which can compensate the position drift and the hysteresis, and breakdown detection
feedback which can stop the actuator system safely without causing any serious damages to
the work, e.g. in a lathe machine. Acoustic emission measurement of a piezo-actuator
under a cyclic electric field is a good predictor for lifetime. AE was detected largely when a
crack propagates in the ceramic actuator at the maximum speed. During a normal drive of a
100-layer piezoelectric actuator, the number of AE was counted and a drastic increase by
three orders of magnitude was detected just before complete destruction. Note that part of
the piezo-device can be utilized as an AE sensor.

A recent new electrode configuration with a strain gauge type (Fig. 13) is another
intriguing alternative for the health monitoring [27). By measuring the resistance of the
strain gauge shaped electrode embedded in a ceramic actuator, we can monitor both electric-

field induced strain and the symptom of cracks in the ceramic.



V. DRIVE TECHNIQUES

Pulse drive of the piezoelectric / electrostrictive actuator generates very large tensile
stress in the device, sometimes large enough to initiate cracks. In such cases, compressive
bias stress should be employed on the device through clamping mechanisms such as a
helical spring and a plate spring.

Temperature rise is occasionally observed particularly when the actuator is driven
cyclically, i.e. in pulse drive or ultrasonic motor applications. Temperature rise is due to
the imbalance between heat generation basically caused by dielectric hysteresis loss and the
heat dissipation determined by the device size (surface area!) [28]. Figure 14 shows a
linear relation between temperature rise and the ve/A value, where ve is the effective
volume and A the surface area of a multilayer actuator, when driven at a fixed magnitude
and frequency of the electric field. We need to select a suitable drive power or a driving
duty ratio so as not to produce a temperature rise of more than 20°C, in particular, when
used in a polymer-embedded state, which suppresses the heat dissipation drastically.

Regarding ultrasonic motors, the usage of the antiresonance mode has been proposed
[29]. Quality factor Q and temperature rise have been investigated on a PZT ceramic
rectangular bar, and the results for the fundamental resonance (A-type) and antiresonance
(B-type) modes are illustrated in Fig. 15 as a function of vibration velocity. It is
recognized that QB is higher than QA over the whole vibration velocity range. In other
words, the antiresonance mode can provide the same mechanical vibration level without
generating heat.

All the previous ultrasonic motors have utilized the mechanical resonance mode at the
so-called "resonance" frequency. However, the mechanical resonant mode at the
"antiresonance” frequency reveals higher Q and efficiency than the "resonance” state.
Moreover, the usage of "antiresonance,” whose admittance is very low, requires low

current and high voltage for driving, in contrast to high current and low voltage for the




"resonance.” This means that a conventional inexpensive power supply may be utilized for

driving the ultrasonic motor.

VI. CONCLUSION

There are many possibilities to improve the durability and reliability of ceramic
actuators. Future wide commercialization will be rather promising. This work was partly
supported by US Army Research Office and Office of Naval Research through Contracts
No. DAAL 03-92-G-0244, No. N00014-91-J-4145 and N00014-96-1-1173.
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Fig.1.

Fig.2.

Fig.3.

Fig.4.

Fig.5

Fig.6

Fig.7

Fig.8

Fig.9

FFIGURE CAPTIONS
Tip deflection of a PMN unimorph plotted as a function of the sample porocity.
Dopant effect on the field induced strain in (Pbg.73Ba0.27)(Zr0.75T10.25)03.
Temperature rise versus effective vibration velocity for PZT samples doped with
Nb or Fe.
Compressive uniaxial stress dependence of the weak-field piezoelectric constant d
in PZT (from top to bottom, "soft" to "hard").
Electric field-induced strains in phase-change materials Pb(Zr,Sn,Ti)O3.
Latching relay using a shape memory ceramic unimorph.
Energy band models for the monomorph actuator: (a) Schottky type, (b) Metal-
Insulator-Semiconductor structure with very thin insulative layers, (c) MIS
structure with a very thick insulative layer.
Drive voltage versus tip displacement of a monomorph plate. The sample was made
of 0.7Pb(Zrp 9Tig.1)03-0.3(K1/2Bi}1/2)Zr0O3 (20mm x 10mm x 0.4mm in size).

Structures of voltage- and photo-driven bimorphs and their driving principles.

Fig.iO Structure of the photo-driven micro walking machine and the illumination direction.

Fig.11

Various electrode configurations for multilayer ceramic actuators.

Fig.12 Intelligent actuator system with both position feedback and breakdown detection

Fig.13

feedback mechanisms.

Multilayer ceramic actuator with a strain-gauge type electrode.

Fig.14 Temperature rise versus ve/A for various size multilayer ceramic actuators (applied

Fig.15

field: 3 kV/mm at 300Hz).
Vibration velocity dependence of the quality factor and temperature rise for both A-

and B-type resonances of a PZT resonator.
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1. Development Trends of New Principle Actuators

Recent development of new principle actuators aiming at replacing the conventional
electromagnetic motors has been remarkable in the following three areas; precision
positioning, vibration suppression and miniature motors. Particular attention has been
given to piezoelectric/ electrostrictive ceramic actuators, shape memory devices of alloys
such as Ni-Ti and Cu-Zn-Al, and magnetostrictive actuators using Terfenol D (Tb-Dy-Fe)
alloys. Rigid strains induced in a piezoelectric ceramic by an external electric field have
been used as ultraprecision cutting machines, "hubble” telescopes on the space shuttle and
dot-matrix printer heads [Yamada, 1984; Uchino, 1986; Uchino, 1988; Uchino, 1993; and
Uchino, 1997]. There has also been proposed a parabolic antenna made of shape memory
alloy, which is in a compactly folded shape when first launched on an artificial satellite,
and subsequently, recovers its original shape in space when exposed to the heat of the sun.
Smart skins on submarines or military tanks are new targets of the solid state actuators
[Uchino, 1994b].

In general, thermally-driven actuators such as shape memory alloys can show very
large strains, but require large drive energy and exhibit slow response. Magnetic field-
driven magnetostrictive devices have serious problems in size because of necessity of
magnetic coil and shield. The subsequent Joule heat causes thermal dilatation in the
system, and leakage magnetic field interferes sometimes with the operating hybrid
electronic circuitry. On the contrary, electric field-driven piezoelectric and electrostrictive
actuators have been most developed because of their high efficiency, quick response,
compact size, no generation of heat or magnetic field, inspite of relatively small induced
strains.

This article reviews shape memory properties of ceramics, focusing on
antiferroelectric lead zirconate titanate (Pb(Zr,Ti)O3, PZT) based ceramics. The shape
memory effect can be observed not only in special alloys but also in ceramics such as
partial stabilized zirconia and ferroelectric lead zirconate titanate. A new concept of "shape

memory" is also proposed in this article: the elastic strain change associated with the
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electric field-induced phase transition is utilized instead of stress-induced or thermally-
induced phase transitions, which enables much more smart actuator applications than the
piezoelectrics or electrostrictors.

The principle of ccramic shape memory effect is described firstly in comparison
with the case of alloys. Phase diagrams, domain reversal mechanisms and fundamental
actuator characteristics are then discussed, followed by the practical distinctions between
these new ceramics and shape memory alloys. Finally, possible unique applications are

proposed including a latching relay and a mechanical clamp.

2. Shape Memory Ceramics

"Shape memory" effect is observed not only in special alloys but also in ceramics
or in polymers. The shape memory effect in alloys originates from a thermally-induced or
stress-induced "matensitic” phase transition. After the alloy is deformed largely in the
martensitic state, this apparently permanent strain is recovered to its original shape when
heated to cause the reverse martensitic transition. Then, upon cooling, the shape sustains
its original state (see Fig. 1(a)).

A similar effect is anticipated in ceramics with a certain phase transition, i.e. a
"ferroelastic” phase transition. Reyes-Morel et al. demonstrated the shape memory effect
as well as superelasticity in a CeO2-stabilized tetragonal zirconia (ZrO2) polycrystal
[Reyes-Morel, Cherng and Chen, 1988]. Figure 2 is cited from their data, which shows
the uniaxial compressive stress versus strain curve at room temperature, together with
temperature-strain curve showing strain recovery on heating. Under uniaxial compression,
the specimen deforms plastically owing to a stress-induced tetragonal to monoclinic
transition in Ce-doped zirconia. Continuous deformation is interrupted by repeated load
drops, providing a nearly constant upper yield stress of 0.7 GPa. Even after unloading,
large residual plastic axial strain (- 0.7 %) is observed. Subsequent heating produces a

gradual recovery of the residual strain due to the reverse phase transition starting at 60°C



and a burst of strain recovery at 186°C. The burst is very sharp, above which
approximately 95% of the prior axial strain is recovered.

Ceramic "shape memory" has been reported also for certain ferroelectricity-related
transitions, namely paraelectric-ferroelectric [Kimura, Newnham and Cross, 1981] and
antiferroelectric-ferroelectric transitions [Uchino, 1985a; and Uchino, 1989]. The former
thermally-induced transition revealed a shape-recovery phenomenon similar to zirconia
ceramics. On the contrary, the latter is related to an electric field-induced transition, and
exhibits large displacement (0.4%) with a "digital" characteristic or a shape memory
function, which is in contrast to the essentially "analogue" nature of conventional
piezoelectric/electrostrictive strains with 0.1% in magnitude.

Let us review ferroelectricity and antiferroelectricity here for further understanding
[Uchino, 1994a). Figure 3 shows the crystal structure changes in a typical ferroelectric
barium titanate (BaTiO3, BT). Atan elevated temperature above the transition point of
130°C ("Curie temperature”, denoted as TC), BT shows a cubic "perovskite" structure
(paraelectric (PE) phase) as illustrated in Fig. 3(a). With decreasing temperature below
Tc, the cations (Ba2+ and Ti4+) shift against the anions (02") as illustrated in Fig. 3(b),
exhibiting spontaneous polarization as well as spontaneous strain (ferroelectric (FE)
phase). Notice that the electric dipole moment in each crystal unit cell is arranged in
parallel in a ferroelectric. On the other hand, there exists an antiferroelectric where the
dipole is arranged in antiparallel each other so as not to produce the net polarization.
Figure 4 shows two antipolar dipole arrangement models in contrast to nonpolar and polar
models.

When the free energy of the antipolar state is close to the energy of the polar state,
the dipole configuration is rearranged by the external electric field or stress. Figure 5
shows the applied electric field versus induced polarization curves in PE, FE and AFE
materials. A linear relation and a hysteresis due to the spontaneous polarization reversal
between positive and negative directions are observed in a PE and in a FE, respectively.

On the contrary, an AFE exhibits an electric field-induced phase transition to a FE state




above a critical field Ey, accompanied by a hysteresis above Eq. Reducing the field down to
zero, the remanent polarization is not observed, providing a so-called "double hysteresis”
curve in total. Associated with this phase transition, a large strain jump is theoretically
accompanied, which also appears as a double hysteresis. In a certain case, once the FE
state is induced, this FE state is sustained even if the electric field is decreased to zero; this
corresponds to the "shape memory" phenomenon. The mechanism for the shape memory

effect in the AFE ceramics is schematically illustrated in Fig. 1(b).

3. Sample Preparation and Experiments

This section introduces sample preparation and experimental procedures of shape
memory ceramics.

Antiferroelectric perovskite ceramics from the PZT system have been investigated
in which successive phase transitions from a PE, through an AFE, to a FE state appear
with decreasing temperature [Berlincourt, Krueger and Jaffe, 1964]. PZT ceramics
Pbg.99Nbg 02 [(Zro.6Sn0.4)1-y Tiy))0.9803 (0.05 <y < 0.09) (abbreviated hereafter as
PNZST) were prepared from reagent grade oxide raw materials, PbO, NbyOs, Zr0;,Sn02
and TiOy. Bulk samples were prepared by hot-press sintering at 1200°C. Unimorphs
were fabricated with two thin rectangular plates (22 mm x 7 mm x 0.2 mmt) bonded
together. Multilayer samples (12 mm x 4.3 mm x 4.3 mmt) with each layer 150 pm in
thickness were also fabricated using tape casting technique: those with platinum electrodes
were sintered at a temperature of about 1250°C.

The field induced lattice change was determined by x-ray diffraction. The surfaces
of the thin ceramic plate (t = 0.2 mm) were coated with carbon evaporated electrode. X-ray
diffraction patterns were recorded at the electrode surface for several different bias
voltages. The displacement or strain induced by an alternating electric field (0.05 Hz) was
detected with a strain gauge (Kyowa Dengyo, KFR-02-C1-11), a magneto-resistive
potentiometer (Midori Precisions, LP-1U) or a differential transformer-type (Millitron, No.

1202). For the dynamic displacement in unimorphs, a noncontact-type eddy current

6



displacement sensor (Kaman, KD-2300) was used. The electric polarization and the

permittivity were measured with a Sawyer-Tower circuit and an impedance analyzer

- (Hewlett-Packard 4192A), respectively.

To observe the domain structures, a CCD microscope with a magnification of

x1300 was applied on a thinly-sliced sample of large grain (>50um) PNZST ceramics with

interdigital electrodes on the surface.

4. Fundamental Properties of the Electric Field-Induced

Phase Transition

The antiparallel arrangement of electric dipoles in the sublattices of AFE is
rearranged in parallel by an applied electric field, and the dielectric and electromechanical

properties are changed remarkably associated with this phase change.

4.1 Variations in Lattice Parameters

The field-induced change in lattice parameters for a sample
Pb.99Nb.02{(Zrg,6Sn0.4)1-y Tiylo.9803 with y = 0.06 is plotted in Fig. 6(a) [Uchino and
Nomura, 1983]. The forced transition from the AFE to the FE phase gives rise to the
simultaneous increase of a and c in the perovskite unit cell, thereby keeping the
tetragonality, c/a, nearly constant. Since Y makes only a negligible contribution to the
volume change, the strain change at the phase transition is nearly isotropic with a
magnitude of AL/L = 8.5x104.

The intensity change of the x-ray reflections with the application of an electric field
suggests that the spontaneous polarization in the FE state lies in the c-plane, parallel with
the perovskite [1 1 0] axis, and that the sublattice polarization configuration in the AFE
state is very similar to that of PbZrO3 [Fujishita and Hoshino, 1984]. Figure 6(b)

illustrates the simplest two-sublattice model.




4.2 Temperature Dependence of the Induced Strain

The temperature dependence of the field induced strain is described for the sample
with y = 0.06 in conjunction with the dielectric measurements [Uchino and Nomura,
1983].

Figure 7 shows the relation between the electric ficld and polarization. The typical
double and ferroelectric hysteresis loops are observed at room temperature and -76°C,
respectively, while a transitive shape with humps is observed at intermediate temperatures.

The transitive process can be observed more clearly in the strain curve. Figure 8
shows the transversely induced strains. The forced transition from AFE to FE at room
temperature is characterized by a huge strain discontinuity. On the other hand, a typical
ferroelectric butterfly-type hysteresis is observed at -76°C, corresponding to polarization
reversal. It is important to note that the strain discontinuities associated with the phase
transition have the same positive expansion in both longitudinal and transverse directions
with respect to the electric field (i. e. the apparent Poisson’s ratio is negative!), while the
piezostriction exhibits negative and positive in the transverse and longitudinal directions,
respectively.

The shape memory effect is observed on this loop at -4°C. When a large electric
field is applied to the annealed AFE sample, a massive strain AL/L of about 7 x 104 is
produced and maintained metastably even after the field is removed. After applying a small
reverse field or thermal annealing, the original AFE shape is observed.

The reverse critical field related to the FE - AFE transition is plotted with solid lines
in the phase diagram for the sample with y = 0.06 (see Fig. 9). In the temperature range
from -30°C to 10°C, a hump-type hysteresis in the field versus polarization curve and an
inverse hysteresis in the field-induced strain are observed: this has previously been often
misinterpreted as another AFE phase different from the phase above 10°C. The annealed
state below -30°C down to -200°C is AFE. However, once the FE state is induced, the
AFE phase is never observed during a cycle of rising and falling electric field. The critical

field line for the FE to AFE transition (the solid line) in the temperature range -30°C to



10°C intersects the coercive field line for the +FE to -FE reversal (the dashed line) below
-30°C.

4.3 Composition Dependence of the Induced Strain

Figure 10 shows the strain curves induced tfansversely by the external field at room
temperature for samples of several different compositions [Uchino, 1985b]. The molar
fraction of Ti,y, is increased from 0.06 (2) to 0.065 (c). The initial state was obtained by
annealing at 150°C, which is above the Curie (or Neel) temperature for all the samples. A
typical double hysteresis curve (Type I) is observed in the sample containing y = 0.06.
Large jumps in the strain are observed at the forced phase transitions from the AFE to the
FE phase (AL/L = 8 x 10-4). In comparison, the strain change with electric field in either
the AFE or FE state is rather small: this suggests a possible application for the material as a
"digital" displacement transducer, having OFF/ON displacive states. The difference in the
strain between that océurring in the initial state and that appearing in a cyclic process at E =
0 kV/cm is also noteworthy and will be explained in the following section.

In the sample with y = 0.063, a Ti concentration slightly higher than that just
described, the field induced FE phase will not return to the AFE state even after decreasing
the field to zero (Type II, Fig. 10(b)): this is called "memorizing" the FE strain state. In
order to obtain the initial AFE state, a small reverse bias field is required. Figure 10(c)
shows the strain curve for the sample with y = 0.065, which exhibits irreversible
characteristics during an electric field cycle (Type III). The initial strain state can only be
recovered by thermal annealing up to 50°C.

Data derived from these strain curves may be utilized to construct a phase diagram
of the system Pb.99Nbo 02[(Zro.65n0.4)1-yTiyl0.9803 at room temperature with respect to
the composition y and the applied electric field E (Fig. 11). If the Ti concentration of the
horizontal axis is redefined in terms of temperature and evaluated in the opposite direction,
this phase diagram is topologically the same as the phase diagram of Fig. 9. The key

feature of this phase diagram is the existence of the three phases, namely the AFE, the
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positively poled FE (+FE), and the negatively poled FE (-FE) phases, the boundarics of
which are characterized by the two transition lines corresponding to rising and falling
electric fields.

The composition regions I and IV exhibit the typical double hysteresis and
ferroelectric domain reversal, respectively. The shape memory effect is observed in
regions IT and ITI. It is important to consider the magnitude of the electric field associated
with the +FE — AFFE transition and the +FE — -FE transition (notice the direction of the
arrow!). Let us consider the transition process under an inverse bias field after the +FE is
induced by the positive electric field. If the magnitude of the field for the +FE — AFE
transition is smaller than the coercive field for +FE — -FE (region II, 0.0625 < y <
0.065), the AFE phase appears once under a small inverse field, then the -FE phase is
induced at the AFE — -FE transition field. In this case, the shape memory is reversible to
the initial state only with the application of a reverse electrical field (Type II): this is very
useful! On the other hand, if the +FE — -FE coercive field is smaller than the +FE —
AFE field (region ITI, 0.065 < y < 0.085), the domain reversal to -FE appears without
passing through the AFE phase. The initial state can be obtained by thermally annealing up
to 50 - 70°C (Type III).

4.4 Domain Reorientation Mechanism in Antiferroelectrics

Antiferroelectrics cannot be poled macroscopically. However, since they have
sublattice polarizations closely coupled with the lattice distortion, it is possible to consider
ferroelastic domain orientations in "anti-" ferroelectrics. This is a possible approach to
understanding the difference in the strain between that occurring in the initial state and that
arising in a cyclic process, as shown in Fig. 10(a).

Figure 12 shows the longitudinal and transverse strains induced in the sample y =
0.075 in region III [Uchino, 1985b]. The strain induction process can be considered to

consist of two stages: first, there is an isotropic volume expansion (O > A, A"AL/L=8

x 10-4) due to the AFE to FE phase transition (Remember Fig. 6(a), where the perovskite

10



cell expands isotropically by AL/L =8.5x 10-4), and second, there is an anisotropic strain
associated with the FE domain rotation (A — B, A'=> B x3=9x 104, x1 = -3 x 104).
" This process is shown schematically in Fig. 13, where a probable model for the double-
hysteresis sample (region I) is also illustrated. As previously pointed out, even for AFEs,
domain reorientation is possible through the forced phase transition to FEs.

Domain configuration in PNZST y=0.063 (Type II) was observed as a function of
electric field at room temperature [Oh, Cross and Uchino, 1995]. No clear domains were
observed at the initial state obtained by annealing the sample at 70°C. As increasing the
electric field, clear domain walls appeared above 20 kV/cm, arranged almost
perpendicularly to the electric field direction. This value of electric field is coincident with
the critical field which can cause the transition from AFE to FE. Therefore, these domain
walls were caused by the induced ferroelectricity. The domain walls did not diminish
during removing the electric field, because the sample has the shape memory effect. The
walls disappeared when slightly negative bias was applied, as expected in the Type II

specimen.

4.5 Pressure Dependence of the Field-Induced Strain

One of the most important criteria for an actuator is reliable and stable driving under
a large applied stress, as required for its application as a positioner in precision cutting
machinery. Figure 14 shows the longitudinally induced strains in a shape memory sample
of PNZST y = 0.07 in both the AFE and FE states at room temperature plotted as a
function of uniaxial compressive stress for several electric fields [Uchino, 1989]. For
comparison, similar plots for a lead magnesium niobate (PMN) based ceramic
(Pb(Mg13Nb2s3)0.65Tio.3503, a well-known electrostrictive material) are also shown.

Roughly speaking, the strain versus stress curve for the AFE PNZST ceramic is
shifted along the strain axis with respect to that for PMN due to the difference between the
spontaneous strains in the AFE and the FE states. Conseguently, the maximum generative

force obtained when the ceramic is mechanically clamped so as not to generate a
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displacement, is raised up to 80 MPa in comparison with the normal value for the

ferroelectric, 35 MPa.

5. Comparison with Shape Memory Alloys

The phenomenon associated with shape memory alloys is attributed to the stress-
induced (as well as thermally-induced) phase transition referred to as "martensitic”. The
new strain phenomena in AFE ceramics described here are very easily understandable, if
we use the terminology conventionally used for these alloys, replacing electric field E for
stress X. The "digital displacement" and the ferroelectric-state memorization discussed
here correspond to the "super-elasticity” and the shape memory effect in the alloys,
respectively.

Outstanding merits of the ceramics over the alloys are:

1) quick response in msec,

2) good controllability by electric field to memorize and recover the shape without

generating heat,

3) low energy consumption as low as 1/100 of the alloy, and

4) wide space is not required to obtain the initial shape deformation.

Numerical comparison is shown in Table I.

6. Applications of Shape Memory Ceramics

The conventional piezoelectric/electrostrictive actuators have been developed with
the aim of realizing "analogue displacement transducers", in which a certain magnitude of
electric field corresponds to only one strain state without any hysteresis during rising and
falling electric field. This is exemplified by the electrostrictive PMN based ceramics. On
the contrary, the antiferroelectrics introduced in this article may be utilized in a device based
on a new concept, "a digital displacement transducer”, in which bistable ON/OFF strain
states exist for a certain electric field. This idea may be interpreted as a stepping motor in

the conventional terminology of electro-magnetic motors. The discrete movement through
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a constant distance achieved by the new actuator is well suited for applications such as an
optical-grid manufacturing apparatus or a swing-type charge coupled device.

The shape memory material can be applied for such devices as latching relays and
mechanical clampers, where the ceramic is capable of maintaining the excited ON state even

when electricity is not applied on it.

6.1 Latching Relay

Figure 15 shows the structure of a newly fabricated latching relay, which is
composed essentially of a mechanical snap-action switch and a shape memory unimorph
driving part [Furata, Oh and Uchino, 1992]. The snap-action switch is easily driven by a
50 pm displacement, having mechanically bistable states. The unimorph is fabricated with
two y = 0.063 ceramic plates of 22 mm x 7 mm area and 0.2 mm thickness, bonded
together with adhesive.

Figure 16 shows the dynamical response of the unimorph. It is important to note
that the phase transition arises quickly enough to generate the following mechanical
resonant vibration (Fig. 16(a)). When the rise time of the electric field is adjusted to 4.7
ms (Fig. 16(b)), which is the sum of the mechanical resonant period (2.2 ms) and the lag
time to cause the phase transition (2.5 ms), the ringing can be suppressed completely.

The ne§v relay is very compact in size, 1/10 of a conventional electromagnetic type,
and is operated by a pulse voltage, which provides a significant energy saving. The relay

is turned ON at 350V with 4 ms rise time, and turned OFF at -50V.

6.2 Mechanical Clamper

A mechanical clamper suitable for microscope sample holders has been constructed
by combining a 20-layer shape memory stacked device (y = 0.0635) and a hinge-lever
mechanism as shown in Fig. 17 [Furata, Oh and Uchino, 1991]. Application of a 1 ms

pulse voltage of 200V can generate the longitudinal displacement of 4 pm in the 4 mm-
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thick multilayer device, leading to 30 um tip movement of the hinge lever after

displacement amplification. Stable grip was verified for more than several hours.

7. Conclusions

The study of shape memory antiferroelectric materials has only just begun in the
past several years. Further investigations on the improvement of the induced strain
magnitude, the stability of the strain characteristics with respect to temperature change,
mechanical strength and durability after repeated driving are required to produce practical
and reliable materials. This category of ceramic actuators, as well as
piezoelectric/electrostrictive materials, will be a vital new element in the next generation of

"micro-mechatronic" or electromechanical actuator devices.
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Table 1. Comparison of the shape memory characteristics between alloys and

antiferroelectric ceramics.
Properties Antiferroelectric Shape Memory Alloy
Driving Power Voltage (mW ~ W) Heat (W ~ kW)
Strain (AL/L) 103~ 10? 102 ~ 10!
Generative Force 100 MPa 1000 MPa
Response Speed m sec sec ~ min
Durability > 106 cycles 104 cycles
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[(Zr0.65n0.4)0.94Ti0.0610.9803.

Transverse induced strains of Pbg.g9Nbg 02 [(Zr0.65n0.4)1-y Tiyl0.9803 at
room temperature: (a) for y = 0.06; (b) fory = 0.063; and (c) for y = 0.065
[after Uchino (1985b)].

Phase diagram of Pbg 99Nbo 02 [(Zro.6Sno.4)1-y Ti Jo.98O3 at room
temperature with respect to the composition y and the applied electric field E.

Longitudinal and transverse induced straing of the sample Pbp.99Nbg.02
[(Zro.65n0.4)0.925Ti0.07510.9803 [after Uchino (1985b)].

Schematic illustration of the antiferroelectric domain reorientation associated
with the forced phase transition.

Longitudinal induced strains in a shape memory sample Pbg.99Nbo.02

[(Zro.6Sn0.4)0.93Ti0,0710.9803 at room temperature plotted as a function
of uniaxial compressive stress [after Uchino (1989)].

Structure of the latching relay using shape memory ceramic.

Dynamical response of the tip displacement of the shape memory unimorph
with y = 0.063 under various drive pulse conditions [after Furata, Oh and
Uchino (1992)].

Construction of the mechanical clamper using a shape memory multilayer
device.
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Figure 3.  Crystal structures of barium titanate in the paraelectric state (a), and in the
ferroelectric state (b).

20



Stripe-type Checkerhoard-tgpe

(a) Nonpolar (b) Polar (c) Antipolar

Figure 4.  Two antipolar dipole arrangement models (c) in contrast to nonpolar (a) and
polar (b) models.

21




P fps/r

E —ECV Ec E
— .
(2K
(a) Paraelectric (b) Ferroelectric
P b
I
|
|
l
_p, OO
; E, E
|
|
|
vl

(c) Antiferroelectric

Figure 5.  Electric field vs. induced polarization curves in paraelectric (a), ferroelectric
(b) and antiferroelectric (c) materialg.

22



1.000
(A) 1 ! — T
'/—-A “|
o | [ .
20395t L (q
i [
[ |
0990 e —— :
°Zazp | a :
m v ‘ A - 4:]
a—J 1 v -
rACALE S :
g 1 |
va { {
L10t f |
a 0 [ C I
[« F] l > o] e sl
o o
E | |
AFE b FE
0 1 2 3 4

Electric Field (kV/mm)

Figure 6.

902°

90.0°

(B)

NI

Ferroelectric Phase

C

a

Antiferroelectric Phase

o NN

(a) Variation of lattice parameters with bias electric field at room temperature
(y = 0.06); (b) Two sublattice model of the polarization configuration for the

AFE and FE states [after Uchino and Nomura (1983)].



Temp. Polarization P
167°C // (Cim2)
- .
62°C —
S/ e
e ﬁ |
[0z
26°C _
// 0
sc /,’ .
04
’L.C // 1
[0
-12°C
[o-
-76°C
2 3

23 2 -1 0 1
Electric Field ( kV/mm)

Figure 7.  Polarization plotted as a function of electric field for several temperatures (y =
0.06)[after Uchino and Nomura (1983)].



Temp. ALl

§5°C 5.10-6

i
26°C ‘ \ l ’ § 1104
6°C 5“0-‘.

|
- LOC \/ 5 ,‘10'4
-12°C ‘W 2:107

-19°C

AT

R B RS INE
Electric Field (kV/mm)

Figure 8.  Transverse elastic strain induced by the electric field at several temperatures
(y = 0.06) [after Uchino and Nomura (1983)].

25




Electric Field [kV/mm)]

'l

2100 0 300 200

Temperature (°C]

Figure 9.  Phase diagram on the temperature-electric field plane for Pbo.99Nbo.02
((Zro.65n0.4)0.94Ti0.0610.9803.

26



(@ y=0060

S

Type [

RS

(b) y=0063 \ I Typel

4

"
..4)

~

|
b-n

(€) y=0065 Typell

Strain(10
oy

4 -2 0 2 4
Electric Field (kV/mm)

" Figure 10. Transverse induced strains of Pbg ggNbo,02 [(Zr0.65n0.4)1-y Tiy]0.9803 at
room temperature: (a) fory = 0.06; (b) fory = 0.063; and (c) ¥or y =0.065
[after Uchino (1985b)].

217




Electric Field (kV/mm)

05 06 07 08 09 -
Ti Concentration y

Figure 11. Phase diagram of Pbg.99Nb 02 [(Zro.6Snp.4)1-y Ti Jo.9803 at room
temperature with respect to the composition y and J\e applied electric field E.

28



=
EST20  Log. B
m [ W1
T15
-+10
A HA
Trans.
A
B’ -5

-1 -05 0 0.5 1
Electric Field [kV/mm]

Figure 12. Longitudinal and transverse induced strains of the sample Pbp.g9Nbo 02
[(Zro.6510.4)0.925Ti0.07510.9803 [after Uchino (1985b)].

29




(a)Random AFE

(E=0)
% 6 (b)Ra(r%do[rEn )FE
=ct
o P
> | R
== A
Electric
t Field @
| am |
1 Tae N
, \ X 00 !
== ‘. | oy 7|
: ' ” o141 S :
AOUYON! | I B___|
lar 000 ' ‘
e ' (c)Polarized FE
:_ __________ H (E‘:Emax)
d)Oriented AFE
\ (E:O) /

Figure 13. Schematic illustration of the antiferroelectric domain reorientation associated
with the forced phase transition.

30



-10

40 50
Stress[x10°N/m?]

Figure 14. Longitudinal induced strains in a shape memory sample Pbg 99Nbo.02
[(Zro.65n0.4)0.93Ti0.0710.9803 at room temperature plotted as a function
~ of uniaxial compressive stress [after Uchino (1989)].

31




MOV ING PIECE

Figure 15. Structure of the latching relay using shape memory ceramic.

32



[«}]
2|/l
= 500 V
s/
J—
- 3ms
C
£ a) 3 ms
]
K=}
Q.
]
o 22ms
()
o
= 4L7ms
g | .
e i ms
gl | b) 47ms
S
S
a
2
Q
o
S
2 /‘
| e |
= 6ms
& c) 6 ms
S
ke
&
o

Oms  lime

Figure 16. Dynamical response of the tip displacement of the shape memory unimorph
h myt?l y= 0.063punder various drive pulse conditions [after Furata, Oh and
Uchino (1992)].

33



MULTILAYERED

SHAPE MEMORY
ACTUATOR

=]\

T

2cm

Figure 17. Construction of the mechanical clamper using a shape memory multilayer
device.

34



APPENDIX 59



Jpn. J. Appl. Phys. Vol. 37 (1998) pp. 204-209
Part 1, No. 1, January 1998
©1998 Publication Board, Japanese Journal of Applied Physics
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Acoustic emission (AE) in multilayer ceramic actuators (MCA) has been studied. It was observed that AE signals could
be concealed by sample’s mechanical vibrations under usual MCA driving conditions. These vibrations were caused by an
electrical coupling between the sample’s piezoelectricity and the power supply’s feedback. The AE was observed around the
coercive field under bipolar driving. On the contrary, with unipolar driving, the AE was not present until the applied voltage
reached a certain critical voltage. It was clarified that the AE generation in MCAs was strongly dependent on the maximum
pre-applied stress (Kaiser effect), which corresponds to the applied voltage. The onset voitage of AE can be used to estimate
the existing damages in the MCA. During the poling process, larger numbers of AE was observed in damaged MCA than that

of un-damaged ones.

KEYWORDS: acoustic emission (AE), crack, delamination, multilayer ceramic actuator, piezoelectric ceramics, refiability

1. Introduction

Since multilayer ceramic actuators (MCAs) have high
micro-displacement controllability and electromechanical
coupling, they have been used in many applications, such as
printer-heads and probe positioners in scanning tunneling mi-
croscopy (STM). As the application fields of the MCA ex-
pands, the higher reliability of MCAs is required. The in-
sulation resistance, induced displacement™® and frequency
response measurements® have been employed for the fa-
tigue/damage evaluations and to estimate the lifetime of
MCAs. In the MCA with the interdigital electrode structure, a
stress concentration caused by an electric field concentration
at the end of internal electrodes is a major cracking source.”
The crack propagates to other electrodes and/or along the
internal-electrodes (i.e., delamination).” Hence, it is neces-
sary to detect these types of cracking to avoid a collapse of
the MCA and to determine the reliability.

The acoustic emission (AE) method, which measures
acoustic emissions following an elastic energy release,
is widely used for materials study as an non-destructive
method.® In our previous work, we discussed the AE gen-
erations caused by crack propagation in model-multilayer ce-
ramic piezoelectric, electrostrictive and antiferroelectric actu-
ators under bipolar electric field.>¥ This paper deals with the
field induced AE generation in cofired piezoelectric MCAs
under unipolar and bipolar field in addition to poling process.
The AE in the damaged MCA is also discussed with a com-
parison of the AE in un-damaged ones. The possibility of
using AE method to test the reliability of MCA is explored.

2. Experiments

The AE in MCAs with the interdigital electrode structure
was investigated. It was clarified that a mechanical vibration
of the piezoelectric sample was caused by an electrical cou-
pling between a sample’s piezoelectricity and a feedback from
power supply.” A change in external voltage from the power
supply deforms the sample piezoelectrically and the electri-
cal feedback started to couple with the induced electrical bias
of the sample, resulting in a mechanical vibration. The fre-
quency of this vibration was determined by both the power
supply and the sample capacitance as well as sample dimen-
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sions. The frequency of mechanical vibration was mostly
found to be much lower than that of measured AE signals
(>100kHz). However, acoustic waves could be easily ex-
cited on the AE sensor by this vibration. These AE-like sig-
nals changed with the applied voltage due to the change in the
vibration at various voltages, and was tend to be recognized
as intrinsic AF signals mistakenly. It should be noted that any
significant information can not be obtained from these extrin-
sic signals using the AE method, and this vibration level was
large enough to conceal the intrinsic AE signals caused by
phenomena took place in the sample. Thus, it is necessary
to eliminate the sample vibration to perform the field induced
AE measurement for piezoelectric materials. Since the vi-
bration was caused by the feedback signal, increasing time
constant of the voltage application system which lowers the
amplitude of high frequency feedback signals was supposed
to be effective to eliminate this vibration: A resistor was con-
nected to the MCA in series to increase the time constant of
the MCA-power supply voltage application system. The time
constant 7 of voltage application system is given as following:

1)

where Cnmca is a capacitance of MCA, Routput impedance 18
output impedance of the power supply and Rexternat is the
connected external resistance.

Thus the magnitude of high frequency components from
the power supply were significantly reduced, resulting in a
vibration level which did not affect the AE measurement.

Figure 1 shows the MCA sample specifications. The MCA
is usually operated by a unipolar voltage from 0 to 60 V, which
corresponds an electric field of 1.5kV/mm, and exhibits an
induced displacement of 1.6 um. Since a high local concen-
trated electric field around the ends of the internal electrodes
is cannot be determined, the applied voltage rather than the
electric field is preferred to be used in this paper. The sam-
ples were fabricated by a tape casting method using a soft
piezoelectrics.

Figure 2 shows the AE measurement system. A 50 k< re-
sistor, which introduced a time constant 7 = 18 ms, was em-
ployed to remove the mechanical vibration. The resistance
was chosen so as to introduce a time constant much shorter
than the driving period (100s=0.01Hz), but much longer

7 = Cpmea X (Rpowersupply + Rexternnl)




Jpn. J. App! Phys Vol 37 (199) Pt 1.No 1

Internal Electrode

External Electrode

Active Layer Thickness: 40 um

Displacement(0-60 V): 1.60 um
Low field capacitance: 350 nF
Number of Active Layer: 48

Fig. 1. The sample configuration
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Fig. 2. The AE measurement system

than the period of the coupling vibration [~1kHz (=1ms)).
The total AE signal amplification was 100dB and the signal
threshold level was set to 400 mV for the AE measurements.
Figure 3 shows the induced displacements of the MCA driven
by a triangular wave with a peak value of 60V at 0.01 Hz
with and without the resistor, indicating that almost the same
induced displacements were observed regardless of the resis-
tor. Figure 4 shows the AE count rate with the total signal
amplification of 40dB and induced displacement as a func-
tion of time. When the resistor was not connected. a large
value for the signal was counted as AE count. and the count
rate increased with the applied voltage. These counted signals
vanished completely when the resistor was used. It should be
noted that this resistor does not cause any interference elec-
trically with the AE monitoring circuit and intrinsic AE gen-
erations as Jong as the induced displacement is maintained.
Thus, it is obvious that the AE count without the resistor was
due to the mechanical vibration of the MCA. The results in §3
were taken with this resistor inserted in the drive circuitry.

3. Results and Discussions

3.1 AE generation during the poling process

Figures 5(a) and 5(b) show the induced displacement of the
MCA and the AE event count during the poling process. The
poling voltage was applied at room temperature up to 120V
and 200V, respectively. A very small value for the AE was
observed when the MCA was poled with a peak voltage of
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Fig 4 The AE count and the induced displacement as a function of time
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120V [Fig. 5(a)). although a large change in the displace-
ment was observed around 40 V. Different from the previous
results in lead zirconate titanate Pb(Zr, Ti)O, (PZT) single
plate ceramics,” the first deformation related AE at poling
was not observed. It was assumed that AE signals in the MCA
might be easily attenuated by the intenal electrodes, because
of the acoustic impedance mismatch. Moreover, the small
surface area of the MCA attached to the AE sensor could
lower the sensitivity of AE measurement. It was also sup-
posed that even if the crack was formed during the poling pro-
cess it must have stayed in the micro-crack region and slow
growth speed, which was undetectable by the AE method.®
However, when a poling voltage with a peak of 150 V was ap-
plied, the AE event count rate started to increase around 140V
{Fig. 5(b)]. The AE was not observed around 40 V where in-
duced displacement initiated and a large deformation of MCA
was generated, but AE event rate increased with applied volt-
age, and continued even when the applied voltage was being
decreased. The origins of the observed AE were supposed to
be higher internal stress/strain at the higher applied voltage
and consequential cracking. If this AE was only due to the
stress/strain during the poling, the AE generation should have
ended when the applied voltage decreased. The AE events
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during the applied voltage was being decreased, might indi-
cate the damage of the MCA (i.e., crack and delamination).
Therefore, the difference between the samples poled at 120V
and 200 V was probably due to the internal stress/strain and
cracking in the MCA at higher poling voltage. This result in-
dicated that possible cracking occurred in the MCA because
of the electric field and stress concentrations for the applied
voltage higher than 150 V. It is suggested that the critical pol-
ing voltage for the actuator, which does not cause any major
cracking, can be determined using the AE measurement.

3.2 AE during unipolar and bipolar driving

Figures 6(a) and 6(b) show the induced displacement and
the AE event count rate under unipolar and bipolar driving,
respectively. Under unipolar driving, the sample was driven
with the applied voltage from O to 120 V. The displacement
switching was induced by a bipolar applied voltage £180V.
In order to increase the internal electric filed constantly, a tri-
angular wave at 0.01 Hz was employed. Under the unipolar
driving, the AE event count rate was in a background level and
no significant AE was observed [Fig. 6(a)]. However, under
the bipolar driving, the AE was observed, particularly at the
first application of the electric field through the displacement
switching [Fig. 6(b)]. Since no repeatable signal—which was
measured during the PZT single plate sample, was obtained,
this AE is assumed to be caused by the cracking at the end
of intemal electrodes, where the electric field concentration
occurs. Because the actual electric field at the end of inter-
nal electrode is higher than other parts, a small amount of AE
was observed even before the coercive field (1kV/mm=40V)
determined from the induced displacement. A large number
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Fig. 6. The AE count and the induced displacement as a function of time
under (a) unipolar drive and (b) bipolar drive.

of the AE event was counted after the displacement switching
until the maximum voltage. This AE might be also caused by
the crack propagation along the internal electrodes (delami-
nation). The volume and surface of the delaminations, with
which the released elastic energy increased, were supposed to
be more than those at the end of internal electrodes, resulting
in much larger AE event count. A small number of the AE
event, but higher than the natural background level, was ob-
served throughout the measurement. This was probably due
to friction at cracked and delaminated surfaces caused by the
internal motions.

3.3 The Kaiser effect in the MCA

The Kaiser effect has a fundamental importance in the
AE measurement. This effect states that once a material
is stressed while the AE is being monitored, then the re-
application of stress will not result in new emissions until it
exceeds the initial maximum stress. This effect is not uni-
versal, but has been observed in various metals, ceramics and
composites.

Figure 7 shows the AE count rate and induced displace-
ment in an undamaged sample as a function of the applied
voltage. The signal threshold level was set to 300mV with
the signal amplification of 100dB. The sample was initially
poled at 80 V. The AE counted during 120-140 V increment
was plotted at the applied voltage of 140 V. During the first
cycle, voltage was applied up to 120 V. AE counts of 60 were
observed at 120 V. During the second cycle, AE counts of
20 were observed at 120V, and 140 V was needed for AE to
reach a 600-count. After this cycle, the voltage was reapplied
up to 160 V. The AE count at 140V decreased from 600 to
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Fig. 7. The Kaiser effect in the MCA

40; although, the maximum emission rate was observed to be
560 at 160 V. However, it was supposed that major crack-
ing took place above a voltage of 140V in the sample. Since
the MCA has stress and field concentrations at the end of the
internal electrodes, it was assumed that those stress concen-
trated pants started to be cracked former than other parts
Considering the stress increased with the applied voltage in
the MCA, these pre-applied voltage dependence of AE gen-
eration was the Kaiser effect took place in the MCA. Al-
though in this measurement, the detectable AE was started to
be generated around a voltage level of 120V, and the cracking
was assumed to take place above 140 V. It seemed that a low
AE signal level and the interdigital structure which have the
stress concentrated parts made it difficult to separate the stress
caused AE from the cracking AE in the MCA above 140V.

3.4 The AE onset voliage in the damaged MCA

When materials are damaged. the re-applied stress. where
new emissions start, becomes lower than the previous maxi-
mum stress (The Felicity effect).® This decrease in the stress
at the onset of AE can be caused by a friction between free
and damaged surface. The Felicity ratio is defined as follows:

FeliCity Tatio = Ostressat onset of AE/UpreVious maximum stress -
(2)

Figure 8 shows the induced displacement and the AE event
count rate for an unipolar cyclic test with a peak voltage value
of 180 V. The samples were previously poled at 180V. In
the first cycle. a large number of AE event counts started to
be observed from 160V and could be caused by both stress
and cracking (Fig. 8(a)}. The AE observed during the applied
voltage was being decreased was probably due to the friction
at the damaged and un-damaged surfaces (i.e, delamination).
In the second cycle, the total AE event per cycle decreased.
This was assumed to be the stress relaxation in the MCA due
to cracking. A larger AE event rate than that of the first cycle
was observed from 130V to 160V [Fig. 8(b)]. The portion
of the AE event during the applied voltage which was being
decreased became larger. At the 10th cycle, even the overall
AE event count rate decreased, the AE onset voltage stayed
around 130 V [Fig. 8(c)).

During the cyclic test, the total AE event count per cy-
cle decreased with number of applied voltage cycle, but the
AE onset voltage was found to be around 130 V. It was sup-
posed that the damage in the MCA sample lowered the dura-
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Fig 8 The AE count and the induced displacement as a function of time:
(a) Ist-cycle (b) 2nd-cycle and (¢) 10th-cycle.

bility against applied voltage. This damage effect on the AE
generation could indicate the Felicity effectin the MCA and
the Felicity ratio was calculated to be 130 (V)/180(V)=0.72.
The Felicity ratio in terms of the applied voltage can be used
to evaluate the existing damages in the MCA and to deter-
mine the maximum safety driving voltage for the MCA which
would not cause any major cracking.

3.5 AE generation in damaged MCA during the poling pro-
cess

Figures 9(a) and 9(b) show the AE generation in damaged
MCAs during the poling process. The samples were previ-
ously stressed by applying 30V at 40°C with 95% RH for 3
weeks, and annealed to be de-poled above the Curie tempera-
ture. The re-poling voltage of 200 V was applied at room tem-
perature. A large peak of AE event rate was detected around
40V where the induced displacement started. It should be
noted that this AE was not observed in the virgin samples see
Fig. 5(b)). Since these MCA were once poled and stressed, it
was assumed that the microcracks were formed in these MCA
samples. Thus, the peak of AE was probably due to that
the pre-introduced microcracks which gave a lower fracture
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toughness extended rapidly when the strain and stress were
introduced. The AE event rate increased with the applied volt-
age. The peak of AE event rate was also observed at lower
voltage even while the applied voitage was being reduced in
some samples [Fig. 9(b)]. This part of AE was probably due
to the friction at the cracked and delaminated surfaces. After
being poled, the sample was driven under the unipolar drive
with a maximum voltage of 120 V. A much smaller AE event
was observed [Fig. 9(c)]. This result implies that the cracking
caused by the pre-introduced damage can be detected as an
AE during poling; however, after MCA is poled. these cracks
could not be a stable AE generation source under the unipo-
lar driving. As mentioned in §3.4. it seemed that there was
a critical voltage above which the measurable AE was gen-
erated in the damaged MCA. This was also assumed to be
the stress relaxation in the MCA due to cracking. Figure 10
shows the photograph of the crack generated in the sample
poled at 200 V. Since the crack was observed in the vicinity
of the internal electrode end at an active layer next to the inac-
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Fig. 10. The crack in the vicinity of the intemal elcctrode end (poling volt-
age: 200V).

tive one. the stress concentration caused by the inactive layer
should be also considered to be the origin of the cracking. It
was shown that the failures which can raise the destruction
probability of the MCA could be detected during the poling
process using the AE monitoring.

4. Conclusions

The mechanical vibration of the MCA caused by the power
supply was observed during the AE measurement. This vi-
bration was large enough to conceal the true AE signals. By
increasing the time constant 7 of the voltage application sys-
tem. this vibration was eliminated completely.

A very small value for the AE was observed during the
poling process. indicating no rapid cracking, when the ap-
plied voltage was lower than a certain critical voltage. Even
if cracks were formed. they must have been too small to be
detected as an AE. The attenuation of the AE signal by the
internal electrodes and the size of MCA should be consid-
ered to determine the limitation of the AE measurement. The
Kaiser effect and Felicity effect. in terms of the applied volt-
age, were observed in the MCA. The AE generation in the
MCA was strongly dependent on the maximum pre-applied
voltage. The AE onset voltage can be employed to estimate
the damage. The AE measurement during the poling process
could detect the cracking and the initial damage in the MCA.
The field concentration at the end of internal electrode and
stress concentration caused by the inactive layer should be
considered to be the origin of the cracking.

It is concluded that the maximum applied voltage for the
MCA, which would not cause major cracking can be deter-
mined using the AE method. The AE method can be also
applied for crack propagation monitoring. damage evaluation
and total design of the MCA devices.
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Acoustic Emission (AE) Measurement in Piezoelectric Ceramics

Hideaki Aburatani and Kenji Uchino
International Center for Actuators and Transducers
Materials Research Laboratory. The Pennsyivania State University
University Park. PA 16802 USA

Abstract—-A self vibration of piezoelectric ceramics caused
by a power supply through a feedback system was observed
during AE measurements. Significantly different results
from previous reports were obtained by eliminating the self
vibration of the ceramics. The AE generation in PZT was
mostly caused by 180° domain reorientation.

1. INTRODUCTION

Acoustic Emission (AE) method is a technique used to
detect pulses of released elastic strain energy caused by

deformation. crack growth and phase change in a solid.l)
The AE method has been used to study phase transitions
and ferroelectric domains:  however. recent research has
revealed a significant problem in most of the previous AE

studies.2) A self-vibration of the sample was generated by
the combination of the power supply through a feedback
and the piezoelectric sample. and this concealed the true
AE signal.

This paper deals with the AE measurement on the
piezoelectric PZT ceramics along with a comparison of an
antiferroelectric PNZST ceramics. and discusses the
contribution of domain structure to the AE generation in
piezoelectric ceramics.

II. EXPERIMENTAL

Fig. 1 shows the measurement system. The field-induced
AE and displacement were observed simultaneously. The
AE signal was detected by an AE sensor (NF Corporation
AE-904E) with its resonant frequency of 450 kHz. The
AE signal was amplified by 40 dB through a preamplifier
(NF. AE-922) and by 50 dB with a main amplifier (NF.
AE-9913). The amplified signal was counted after passing
through a high-pass filter (100 kHz) and a discriminator
with lower and higher threshold levels of 300 mV and 600
mV. respectively. Disc specimens of piezoelectric PZT-5A
and antiferroelectric:

Pbo 99Nbo 02((Zro.s55n0.45)0.935Ti0.065]03. 12.7 mm in
diameter and 0.3 mm in thickness. were employed for this
study. Gold electrodes were sputtered on both surfaces. The
AE sensor was attached to the sample through copper-foil
and silicone grease. A modification to the AE
measurement system was the introduction of an external
resistor (R) in series and a capacitor (C) in parallel to the
power supply in order to eliminate the high frequency
component completely.

0-7803-3355-1/96/85.00 © 1996 IEEE.
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Fig. 1. AE measurement system
1. RESULTS AND DISCUSSION

A. Piezoelectric PZT

Fig. 2 shows the AE ringdown count in PZT during a
poling process. A large number of the continuous AE count
was observed even at 0 V/mm after poling without R and
C. which corresponds to the conventional measuring setup.
This count at 0 V/mm was caused by a high frequency
component of voltage/current from the power supply through
a feedback circuit. resulting in a vibration of the
piezoelectric sample. In order to eliminate this vibration.
both a resistor (R) of 10 M2 and a capacitor (C) of0.01 pF
were connected to the sample to increase the time constant
(RC) of the system (i.e., to suppress the high frequency
component (Fig.1)). The AE count at 0 V/mm vanished
when R and C were connected to the sample. and completely
different AE generation was observed in PZT. The AE was
generated from the beginning of the induced displacement
until the maximum applied field This corresponds to the
domain reorientation at the poling. On the contrary, no AE
was observed when the applied field decreased.  indicating
a Kaiser effect in PZT.
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Fig. 2. AE ringdown count in PZT during a poling process

Fig. 3 shows the change in the induced displacement
when R and C were connected. A large ume constant in the
whole system (0.1 sec) caused some distoruon in the
induced displacement curve: however. the  displacement
magnitude was maintained.
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Fig. 3.

Fig. 4 shows the AE count and the induced displacement
as a function of time under a bipolar and an unipolar drive
using the conventional setup (without R and C). The AE
was continuously observed under bipolar drive. except for
the displacement switching points. The AE was also
detected under the unipolar field. These results indicate that
the non-180° domain reorientation is a major AE generation
source in ferroelectric PZT. Yet. in the system with R and
C. the AE was observed only after the induced displacement
switches under the bipolar drive, whereas no AE was
observed under an unipolar drive (Fig. 5). Considering that
the non-180° domain reorientation contributes mainly to the
unipolar hysteresis and that both the 180°-domain and
non-180° domain reorientations contribute to the bipolar
switching, the results imply that the 180°-domain
reorientation primarily generates the AE and that the

LA}

non-180° domain reorientation does not significantly affect
the AE generation within PZT ceramics. It is probably due
to the Kaiser effect that no AE was observed under the
unipolar field after poling. If the AE generation in the
conventional setup was really caused by the domain motion.
the same AE generation should be observed in the modified
setup as long as the induced displacement was maintained
Yet. the AE was observed only after polarization switching
with a bipolar drive.
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Fig. 4 AE count and induced displacement using the
conventional setup: (a) under bipolar drive.
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Thus. the AE generation in the conventional setup was
not caused by the domain motion. but it was due to the
sample vibration.

B. Antiferroelectric PNZST

Fig. 6 shows the induced displacement of the
antiferroelectric PNZST with and without R and C. No
significant change in the induced displacement was observed
even though R and C were connected to the system.
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Fig. 6. The induced displacement of the antiferroelectric
PNZST (a) without R and C (b) with R
and C

Fig. 7 (a) shows the AE generation and the induced
displacement in the antiferroelectric PNZST as a function of
time under a bipolar drive using the conventional setup
(without R and C). The AE was initially observed after the
ferroelectnic to antiferroelectric tramsition. and was
continuousty counted under the field induced ferroelectric
phase. Yet. in the measurement system with R and C. the
AE was observed only from after the antiferroelectric to
ferroelectric phase transition and up to the maximum applied
field(Fig. 7 (). This resuit indicated that the 180°-domain
reorientation through the phase transition might be the
primary AE generation source in the antiferroelectric
PNZST: the vibration of the sample that was caused by the
field-induced piezoelectricity combined with the feedback
circuit was confirmed again. On the other hand. almost no
AE generation was observed through the ferroelectric to
antferroelectric phase transition. This is probably due to the
difference in the energy transfer from antiferroelectric to
ferroelectric and ferroelectric to antiferroelectric state as well
as domain structure change in those transitions.

IV. CONCLUSION

In the AE measurement of ferroelectric/ piezoelectric and
antiferroelectric ceramics. the sample vibrations were
observed. These vibrations were caused by the combination
of the piezoelectricity and high frequency component from
the power supply through the feedback. The magnitude of
the vibration was large enough to conceal the true AE
signals.  Vibrations can be eliminated by increasing the
time constant of the whole system.

873

@)

°
S E I~
- 9 12
=3 §; 3
- - []
s It s
ERN g
2 a
B 3
£ | =
Z 0 100 200 300 300 500
- Time (sec)
©
H

® Z E
< €
E H
g £
e 2
= (3
S e
+ H
@ H
< 0 100 200 300 30.0 500

Time (sec)

Fig. 7. (a) AE generation and the induced displacement in
the antiferroelectric PNZST as a function of time
under a bipolar drive using the conventional setup

without R and C (b) with R and C

The AE was observed only through the field induced
displacement  switching in the ferroelectric/piczoelectric
ceramics PZT. It is suggested that the 180°-domain
reorientation contributes more to the AE generation than
the non-180° domain reorientation in PZT ceramics. No AE
was observed under the unipolar field due to the Kaiser
effect in PZT after the poling process.

It was confirmed that the 180°-domain reorientation
through the antiferroelectric to ferroelectric phase transition
is the primary AE generation source in the antiferroelectric
PNZST. while no AE was observed through the ferroelectrc
to antiferroelectric phase transition. This is probably due to
the difference in the energy transfer of phase change as well as
domain structure.
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THE APPLICATION OF ACOUSTIC EMISSION (AE) METHOD FOR
FERROELECTRIC DEVICES AND MATERIALS

Hideaki Aburatani and Kenji Uchino
International Center for Actuators and Transducers (ICAT)
Materials Research Laboratory, The Pennsylvania State University
University Park, PA 16802 USA

Field induced acoustic emissions (AE) in the
ferroelectric PZT ceramics have been studied.
The field induced AE was not observed after
the poling was completed. The domain related
Kaiser effect in terms of the applied field was
observed. However, in damaged sample the
Kaiser effect would not take place anymore
(Felicity Effect). It has been demonstrated
that the AE method can be used for the
determination of the damage of material and
safe driving electric field.

I. INTRODUCTION

The contributions of domain structures for the field
induced strain in the ferroclectrics have been stdied by
AE method. By eliminating the extrinsic AE signal
caused by an electromechanical coupling between sample’s
piezoelectricity and feedback from power supply, it was
confirmed that the field induced AE  originated at the
initiation of induced displacement and ended when the
applied field was decreased during poling {1]. The AE
was pot observed after domain reorientation was

completed at a given electric field except under  bipolar

field. Since new AE generation required larger electric
fields than that applied during poling,  the Kaiser
effectf2] in terms of applied electric field was observed
in the ferroelectric ceramics{l). The  damage of
ferroclectric material at high electric field levels during the
poling was also ecxamined by AE method (3, 4].
However, intrinsic AE signals generated by domain
reorientation as well as cracking and exwimsic AE
signals caused by a coupling of piezoelectricity and
feedback from power supply and bonding layer between
sample and waveguide were ot scparaied. AE
generation in the damaged ceramics after poling has
not been studied yet.

In stress induced AFE, the Kaiser effectis not obeerved
when any AE source can grow under a given
condition (i.c. failure). The felicity effect is a breakdown
of the Kaiser effect and is important for evaluating
material damage(2]. In the stress induced AE, this effect

can be defined as a decrease of AE onset stress in the
Kaiser effect  The decrease in the AE onset stress is
caused by time-dependent effect controlled deformation
(e.g. creep) in the material such as fiber-reinforced plastic
composite (FRP) and a friction between free and damaged
surfaces of crack. Therefore, the breakdown of the Kaiser
effect is also expected in the damaged ferroelectrics
ceramics under lower electric ficlds than  poling electric
filed.

The paper deals with the AE generation in the damaged
ferroelectric ceramics. The degree of damage of the
thermally shocked single plate PZT ceramics was
evaluated through the felicity effect with respect to
clectrically damaged and non-damaged sample. The
feasibility of using the non-destructive AE method for
the evaluation of damage in ferroelectric ceramics is
demonstrated.

I. EXPERIMENTAL PROCEDURE

The PZT SA ceramics with silver electrodes fired on
both surfaces were employed for this study.  Thus, the
damage on the interface between  electrode ad
ceramics was also measured as a damage of sample.
The size of sample was 12.7 mm in diameter and 0.4 mm
in thickness. Thermal shock was employed to
introduce the damage in this stody. The samples were
placed in an oil bath at 200 °C for 30 seconds, then in an
oil bath at room temperature for 30 seconds under short
circuit condition. This process was repeated for 10 cycles.

The induced displacement, frequency response and AE
measurement were employed to evaluate the damage of
sample in this swdy. Figure 1 shows the AE ad
induced displacement measurement system.  The total
amplification of AE signal and signal threshold were 90
dB and 400 mV, respectively. The natural background
level was about 10 dB lower than the threshold level.
Thus, the measured AE results did not contain any
noise form the environment The AE generations at
various electric fields were also measured to observe
the electric field dependence.



Computer or
Printer
i
Function Generator [ Oscilloscope
R=20Ma L LVDT
Sample”
Power supplﬂ Brass foil
C=0.01 uF AE seasor

NF-9913 NF AE-922 || NF AE-932
Preamplifier o amplifier Dual counter
, Main

Figure 1. The AE and induced displacement measurement
system.

III. RESULTS AND DISCUSSIONS

A. Induced Displacement Measurement

The field induced displacement at the center of the disk
in both  non-shocked and thermally shocked PZT
ceramics as a function of the applied field is shown in
Figure 2. The applied field bad a triangular wave form
with a peak valueof 375 kV/cm at a frequency of
0.01 Hz. . The damage effiects could be measured as a
decrease in the displacement, since they  might
decrease the effective electric field in the sample and
clamp the displacement The results were obtained after
10 cycles of the electric field application.
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Figure 2. Induced displacement of non-shocked and
thermally shocked PZT ceramics as a function of applied
field.

There was no apparent difference in the induced
displacement between non-shocked and thermally shocked
samples. The obtained piezoelectric constants d,, were

almost identical. It seemed that even if the damage such
as microcrack existed in the sample, it was too small to
affect the displacement.  The induced displacement also
depends on the measuring point. To measure the effect
of cracks, it is necessary to place the displacement
sensor over or in the vicinity of the crack. From  this
measurement. only a local induced displacement
property was obtained. It was mnot feasible to
distinguish between the thermally shocked and non-
shocked samples by this displacement measurement.

B. Frequency Response Measurement

When the piezoelectric sample is damaged, the
properties of sample as a piezoelectric vibrator degrades
and changes in the frequency response such as coupling
factor and mechanical quality factor are  expected(S). The
frequency response of both thermally shocked and nan-
shocked samples are plotted in Figures 3 (a) and(b).
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Figure 3. Admittance change as a function of frequency
(2) non-shocked sample, and (b) thermally shocked sample.

Both the samples showed clear resonance and anti-
resonance peaks. No spurious peaks were observed. The
frequency at resonance and antiresonance were almost
identical for all samples. The electromechanical coupling
factor for the radial mode K, and the mechanical quality
factor Q, of the non-shocked and thermally shocked
samples were listed in table 1.  The coupling factor K,
of 0.65 was obtained for both thermally shocked and




pon-shocked samples.  The mechanical quality factor Qq
of the thermally shocked sample was observed to be
slightly lower than that of non-shocked sample.

Table 1. The coupling factor K, and mechanical quality
factor Q. of non-shocked and thermally shocked PZT.

L
Non-shocked 0.65 78

Thermally shocked | 0.65 75

C. AE Measurements

The normalized total AE eveat count per cycle as a
function of the number of field application cycde s
shown in Figure 4. The AE event rate per cyde
deamsedmarkndlyaﬁupolmgwithmeeleuﬁcﬁe\dofﬁ
kVicm. No AE was observed  after the domain
reorientation was completed. When an electric field of
375 kVicm was applied to the non-shocked sample
poled at 25 kV/cm, the AE event count simply decreased
with the number of field application cycle. The obsesved
AE event count after 10 cycles was higher than that of the
sample exposed to an electric field of E=25kV/em. It
seemed that the domain reorientation was not completed
dmtohighimemalsuesswmtmhigherﬁdd,
resultingin more AE generations.

In a thermally shocked sample, the AE eveat count
per cycle decreased until the 4th cycle, and started to
fluctuate. This fluctuation in the AE count were
observed in all of the thermally shocked sample. It
was supposed that AE events in the thermally shocked
samples  originated  from two sources: domain
reorientation and damage caused by thermal shock. The
domain reorientation related AE simply decreased  with
number of field application cycle. However, the AE
caused by the damage (ic. microcrack) was present
throughout due to the internal motion and started to
dominake in measurement after the level of the domain
related AE tapered off.

The AE event rate and induced displacement of the
non-shocked sample as a function of time are shown in
Figure S (a). The AE generations of the nou-shocked
sample falls into two categories. A small number for
the AE events was observed at first (Type D). The AE
event rae then reached a maximum  at the maximum
field (TypeID. The AE onset field and the AE event
count rae at the maximum field are shown in Figure 5
(®). The AE event count raie at the maximum field
decreased with number of field application cycle.
However, the AE onset field did not change. The AE
at the maximum field (Type ID was identified as the

domain reorientation related AE, because of decrease in

AE count with the number driving cycles. If the AE
observed at lower field (Type ) was related to the domain
reorientation, it should decrease similarly with the
pumber of cycie. Therefore, the AE observed at lower
field (Type) was dueto electrically induced damage,
since it did not change with the number of field
application cycle. It was also supposed that the AE event
count pear 0kV/cm was due to the electrically induced
damage.

For the thermally shocked sample, AE was observed
at lower field than that of the non-shocked sample as
shown in Figure 6 (2). The samples became “noisy” in
terms of the AE generation. This AE was most
probably caused by the friction at the crack surfaces. The
AE gencration was observed cven when the applied
electric field was decreased  t0 25 kV/cm (Figure 6 (b)).
After the displacement was indoced, the AE events
were also observed even when the applied field reached
0kV/cm. This was probably due to the time dependent
motion (stress relaxation near cracks) in the material,
Since this AE was not observed in non-shocked samples
exposed to  an electric field of 25 kV/cm after poling,
these AE events were obviously cansed by the thermally
induced damage.

The damage related AE event count was much less
than that associated with domain reorientation. This can be
understood as follows. During the poling the eatire
sample contributed to the AE generation.  However,
the damage relaed AE  originated from the individual
cracking regions and friction at the crack surfaces.
Therefore, the damaged volume was much less than
volume generating AE during poling, resulting in a small
number of AE events. It was shown that the thermally
induced damage and electrically induced damage in the
sample were observed from the AE measurements.
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Figure 4. Normalized total AE event count pecycleasa
function of the number of field application cycle.
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IV. Summary

The induced displacement, frequency response
measurement and AE method were used for the damage
evaluation of ferroelectric PZT ceramics under  unipolar
field. The thermally shocked and non-shocked sample
exposed to an electric field of 37.5 kV/em. Noo-shocked
samples were also examined at an electric field of 25
kV/cm. A small change in the mechanical quality factor
Q. was observed in the damaged sample. However, neither
the induced displacement nor frequency response
measurements obviously indicated damage in the
samples.

On the contrary, the damage of the sample was
clearly observed using the AE method in terms of
breakdown of the Kaiser effect (felicity effect) and an AE
geperation at low electric field.  The AE was observed
even around 0 kV/cm in the thermally shocked sample.
The friction penerated through induced displacement and
its relaxation at crack surface might be the source of
AE. Moreover. it seemed that the electric field of 37.5
kV/cm was large enough to induce a damage even in
the non-shocked samples. Damage related AE was also
observed the noo-shocked sample at this electric field
level

By measuring the AE, the damage in the samples
was clarifie]d Damage occurring when 2 thermally
shocked sample was at  an electric field of 375
kV/cm was more than damage occurring when a non-
shocked sample was subjected to an electric field of 37.5
KV alone. This in turn was more than the damage
occurring at an electric field of 25 kV/cm.

These experiments show that the AE method can be
exiended to determine  safe poling and driving field for
piezoelectric ceramics and devices. This technique can be
also used for evaluating the condition of the samples.
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Kenji Uchino
International Center for Actuators and Transducers
Materials Research Laboratory, The Pennsylvania State University
University Park, PA 16802 USA

Abstract-Reliability of ceramic actuators
is dependent on complex factors, which are
divided into three major categories:
reliability of the ceramic material,
reliability of the device design and drive
technique. The reliability issues are reviewed
from whole points of view, with a particular
focus on muitilayer structures.

L INTRODUCTION

The application field of ceramic actuators has
become remarkably wide {1,2]. There still remain,
however, problems in durability and reliability that
need to be addressed before these devices can become
general-purpose commercialized products.
Investigations are primarily focused on the areas of
ceramic preparation, device design and drive technique
to improve the reliability.

IL MATERIALS IMPROVEMENTS

The reproducibility of the strain characteristics
depends strongly on grain size, porosity and impurity
content. Increasing the grain size enhances the
magnitude of the field-induced strain, but degrades the
fracture toughness and increases the hysteresis {3]).
The grain size should be optimized for each
application. Hence, fine powders made from wet
chemical processes such as coprecipitation and sol-gel
will be required.

Porosity does not affect the strain behavior
significantly. Figure 1 shows the tip deflection ofa
unimorph made from Pb(Mg1/3Nb2/3)03 based
material plotted as a function of sample porosity {4].
The deflection did not show a difference below 8 % of
porosity.

The impurity, donor- or acceptor-type, provides
remarkable changes in strain. Figure 2 shows dopant
effect on the field induced strain in (PbQ 73B20.27)
(Zs0.75Ti0.25)03 [S]. Since donor doping provides
"soft” characteristics, the sample exhibits larger
strains and less hysteresis when driven under a high
electric field (1 XV/mm). On the contrary, the
acceptor doping provides "hard” characteristics,
leading to a very small hysteretic loss and a large

0-7803-3355-1/96/85.00 © 1996 IEEE.
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mechanical quality factor when driven under a small
AC electric field (i. e. ultrasonic motor applications!).
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Fig.1. Tip deflection of a PMN unimorph plotted as a
function of the sample porocity.
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Figure 3 shows the temperature rise versus
vibration velocity for undoped. Nb-doped and Fe-
doped Pb(Zr,Ti)O3 samples. The suppression of heat
generation is remarkable in the Fe-doped (acceptor-

doped) ceramic [6).
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Fig.3. Temperature rise vs. effective vibration velocity
for PZT samples doped with Nb or Fe.

The temperature dependence of the strain
characteristics must be stabilized using either
composite or solid solution techniques [7]. The
recent new trends are found in developing high
temperature actuators for engine surroundings and
cryogenic actuators for laboratory equipment and
space structures.

Ceramic actuators are recommended to be used
under bias compressive stress.
compressive uniaxial stress dependence of the weak-
field piezoelectric constants d in various PZT. Note
the significant enhancement in the d values for bard
piezoelectric ceramics (8]. Systematic studies on
stress dependence of induced strains are eagerly
awaited, including the composition dependence of
mechanical strength.

Although the aging effect is very important, not
many investigations have been done so far. The
aging effect arises from two factors: depoling and
destruction. Creep and zero-point drift of the
displacement are caused by the depoling of the
ceramic. Another serious degradation of the strain is
produced by a very high electric field under an elevated
temperamre, humidity and mechanical stress. Change
in lifetime of a multilayer piezoelectric actuator with
temperature and DC bias voltage has been reported by
Nagata {9). The lifetime under DC bias voltage
obeys an empirical rule:

tpc = AE™ exp(Wpc/ kT) 1)

where Wpc is an activation energy ranging from 0.99
-1.04eV.

764

Figure 4 shows

dyy and -d y, (reduced wnits)

0 50 00 50
Stress Ty (MPa)

J bt PZT-5A ]

02f Creeeimos

d 33 and -d 4 (reduced unit)

R, 3.

50 100 150
Stress T; (MPa)

dyy and -dy, (reduced unit)

- -
b by
. J ®

-
»

dyy and -y, (reduced vnit)
- 0

o o
(- ]

L

i

50 300 150
Stress Ty (MPa)

Fig.4. Compressive uniaxial stress dependence of the
weak-field piezoelectric constant d in PZT (from top to
bottom. “soft” to “hard").



ITI. RLIABILITY OF DEVICES

Popular silver electrodes have a serious problem
of migration under a high electric field and high
humidity. This problem can be overcome with usage
of a silver-palladium alloy (or more expensive Pt).
To achieve inexpensive ceramic actuators, we need to
introduce Cu or Ni electrodes. which requires a
sintering temperature as low as 900°C. Low
temperature sinterable actuator ceramics will be the
next target to research.

Delamination of the electrode layer is another
problem in multilayer types as well as bimorphs. To
enhance adhesion, composite electrode materials with
metal and ceramic powder colloid. ceramic electrodes.
and electrode configurations with via holes are
recommended for use {10). To suppress the internal
stress concentration which initiates the crack in the
actuator device, several electrode configuations have
been proposed, as shown in Fig.5: plate-through
type, slit-insert type, and float-electrode-insert type
{11]. The reason why the lifetime is extended with
decreasing layer thickness has not yet been clarified.

’ ! B & - -
o 3 =] [=5 - -
E L =] 3 - -
(a) (o) ) (@)
Interdigital Plate-through Interdigital Interdigital
wislit wifioat electrode

Fig.5. Various electrode configurations for muitilayer
ceramic actuators.

Lifetime prediction or health monitoring systems
have been proposed using failure detection techniques
(12). Figure 6 shows such an "intelligent” actuator
system with AE monitoring. The actuator is
controlled by two feedback mechanisms: position
feedback, which can compensate the position drift and
the hysteresis, and breakdown detection feedback
which can stop the actuator system safely without
causing any serious damages to the work, e.g. in a
lathe machine. Acoustic emission measurement of 2
piezo-actuator under a cyclic electric field is a good
predictor for lifetime. AE was detected largely when a
crack propagates in the ceramic actuator at the
maximum speed. During a normal drive of a 100-
layer piezoelectric actuator, the number of AE was
counted and a drastic increase by three orders of
magnitude was detected just before complete
destruction. Note that part of the piezo-device can be
utilized as an AE sensor.
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A recent new electrode configuration with a strain
gauge type (Fig.7) is another intriguing alternative
for the health monitoring. By measuring the
resistance of the strain gauge shaped electrode
embedded in a ceramic actuator, we can monitor both
electric-field induced strain and the symptom of cracks
in the ceramic.

Actuation
Feedback(1)
Strain Sensor
> Position drit
> Hysteresis
Destruction Monitor
/ Controlled driving
Feedback(2) voltage (Outpg)
Destruction Detector A ¢
» ElectricalMechanical
breakdown
aals 8 §§|
Al slh | 500
Computer-controlied Power Supply

Fig.6. Intelligent actuator system with both position
feedback and breakdown detection feedback mechanisms.

- —

i

Displacement Sensor

Fig.7. Multilayer ceramic actuator with a strain-gaunge
type electrode,

IV. DRIVE TECHNIQUES

Pulse drive of the piezoelectric / electrostrictive
actuator generates very large tensile stress in the
device, sometimes large enough to initiate cracks. In
such cases, compressive bias stress should be
employed on the device through clamping
mechanisms such as a helical spring and a plate
spring. .

Temperature rise is occasionally observed
particularly when the actuator is driven cyclically, i.e.
in pulse drive or ultrasonic motor applications.




Temperature rise is due to the imbalance between heat
generation basically caused by dielectric hysteresis
loss and the heat dissipation determined by the device
size (surface area!) [13). Figure 8 shows a linear
relation between temperature rise and the ve/A value,
where ve is the effective volume and A the surface
area of a multilayer actuator, when driven at a fixed
magnitude and frequency of the electric field. We need
to select a suitable drive power or a driving duty ratio
$0 as not to produce a temperature rise of more than
20°C.
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Fig.8. Temperature rise versus ve/A for various size
multilayer ceramic actuators (applied field: 3 kV/mm at
300Hz).

Regarding ultrasonic motors, the usage of the
antiresonance mode has been proposed [14). Quality
factor Q and temperature rise have been investigated
on a PZT ceramic rectangular bar, and the results for
the fundamental resonance (A-type) and antiresonance
(B-type) modes are illustrated in Fig.9 as a function
of vibration velocity. It is recognized that Qp is
higher than QA over the whole vibration velocity
range. In other words, the antiresonance mode can
provide the same mechanical vibration level without
generating heat.

All the previous ultrasonic motors have utilized
the mechanical resonance mode at the so-called
"resonance” frequency. However, the mechanical
resonant mode at the "antiresonance” frequency reveals
higher Q and efficiency than the "resonance” state.
Moreover, the usage of “antiresonance,” whose
admittance is very low, requires low current and high
voltage for driving, in contrast to high current and
low voltage for the "resonance.” This means that a
conventional inexpensive power supply may be
utilized for driving the ultrasonic motor.

V. CONCLUSION
There are many possibilities to improve the

durability and reliability of ceramic actuators. Future
wide commercialization will be rather promising.
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Mechanism of the bulk photovoltaic effect in ferroelectrics
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ABSTRACT

The high-voltage bulk photovoltaic effect in ferroelectrics was theoretically and experimentally studied focusing on the
nonlinear dielectric response. The steady current in the absence of applied voltage, called "photocurrent”, is
considered as a result of photocarriers and the asymmetric electromotive force induced by near-ultraviolet radiation. A
mode} accounting for the generation of electric field acting as an effective dc field for the photocarriers was explained in
terms of the photoinduced nonlinear polarization and the Lorentz field in dielectrics. Experimental results on electric
photoconductivity, photocurrent and photovoltage of a2 PLZT ceramic were analyzed by using exponential functions
based on the model. An adjustable parameter was introduced in relation to the incoherence of the illuminating light as
an electromagnetic wave. It was found that the exponential functions by the present model can give better fitting to the
experimental data than that by a linear function previously used.

Keywords: photovoltaic effect, ferroelectrics, optical nonlinearity, photocurrent, photovoltage, PLZT

1. INTRODUCTION
The bulk photovoltaic effect observed in ferroelectrics such as doped LiNbO3 crystals and PLZT ceramics
are of considerable interest due to their high output voltage of the order of 1 kV/mm. Several devices utilizing the
optically induced voltage of these ferroelectrics have been proposed.l-3) The photovoltaic effect in ferroelectrics is
characterized by a generation of steady voltage under a short-wavelength illumination in the absence of applied field.
Although there are many reports on the experimental results of the photovoltaic effect, the origin of the steady voltage
and the steady current generated by the illumination is still unclear. The photovoltage in ferroelectrics is too high to be

originated from difference in Fermi level of the materials and it is not likely to be a cumulate effect due to many p-n_

junctions in series. Photocurrents in BaTiO3 crystals were attributed to the internal fields due to space charge at the
surfaces¥) A directional movement of photo-induced carrier in an asymmetric potential upon excitation was proposed

for the origin of the photocurrent on Fe-doped LiNbO3 crystal.5) Generations of photo-induced carriers screening the

internal field within the bulk of individual grains were proposed for the mechanism of the photovoltaic effect in poled
ceramics.5) Many possible models have been presented for the mechanism of photovoltaic effect, however, no model
gives any adequate explanation for it. :

The generation of photocurrent in the absence of applied fields is considered due to the presence of
photocarriers and an effective dc field induced by illumination. In this study, possibilities of generating effective dc
 field have been examined with respect to the nonlinear properties of the dielectrics. It was found that the nonlinear
optical effect is a possible origin of the bulk photovoltaic effect in ferroelectrics having noncentric symmetry.
Theoretical expressions for electric conductivity and current due to the photovoltaic effect were derived based on the
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optical nonlinearity of the second order and on the Lorentz field, which gives an effective electric field caused by the
polarizations in dielectrics. A good agreement was observed between experimental results on photovoltaic PLZT and
the theoretical expectations.

2. OVERVIEW OF EXPERIMENTAL RESULTS

The current-voltage characteristics of photovohtaic ferroelectrics are usually measured on a rectangular slab
with electrodes on opposing edges as shown in Fig.1. The sample was first poled by a static saturation field
(%2kV/mm) at 120°C . The current to the external circuit depended on the applied poling voltage and the illumination
intensity. An external voltage was applied so as to give a bias voltage. Figure 2 shows a typical current-voltage curve
of a photovoltaic PLZT ceramic under a UV illumination by an ultra-high pressure mercury lamp. The details
concerning the sample preparations were described elsewhere.7:8) Optical focusing lenses, a UV band-pass filter and
an JR-cut filter were inserted between the lamp and the sample. The illumination intensity was at about 4 mWimZ.
The light gave rise to a weak photovoltaic current simultaneously with the pyroelectric current. It was possible to
distinguish between the two components of the total current produced by the light because of their different features.
Upon exposure to UV irradiation, a pyroelectric current was initially observed, then a steady current was achieved. A
linear dependence of the current on the applied voltage was observed for every intensity of illumination. The biased
linear response in the current-voltage plot is a typical character of the photovohaic effect produced by the illumination.
This linear dependence suggested that an ohmic response and a photoinduced current were involved. The photoinduced
current could remain constant for over the range -100V to +100V of the applied voltage, since it was small enough
against the poling voltage ( ~10 kV ). Consequently, the current to the external circuit will be determined from the
balance of the photoinduced current and the intemal conduction current which depends on the applied voltage between
electrodes. For an unpoled sample, the current was in the order of 10-12A. The current depends also on remanent
polarization, temperature, illumination wavelength, peaking at the vicinity of the band gap energy. The current is
proportional to the sample width. The photocurrent is usually expressed in terms of the current per unit width, since
only a very slight dependence on the thickness of the sample and on the electrode gap was observed. The photovoltage
is usually defined as the open-circuit voltage determined from the linear extrapolation of the current-voltage relation as
shown in Fig.2. The photovoltage is proportional to the electrode gap in the direction of polarization. A linear
dependence of the photovoltage on the remanent polarization was reported in ferroelectric ceramics.?) Photocurrents
and photovoltages are attributed to the presence of internal electric fields induced by short-wavelength illumination.
The magnitudes of the short-circuit photocurrent and open-circuit photovoltage vary in different materials. The typical
values for PLZT ceramics are 1.5 nA/cm and 1.5 kV/cm in solid solution (Pbg.97, Lao 03)(Zro.s2, Tio.48 )1-0.03/403
[PLZT(3/52/48)) under 4 mW/cm? illumination.

Consideration of the motion of the space charge in internal fields and polarizations of ferroelectrics is
necessary to investigate the mechanism of the photovoltaic effects. The total polarization is usually separated into three
parts: electronic, ionic, and dipolar contributions. The dielectric response at optical frequencies is determined by the
electronic polarizability. The ionic and dipolar contributions are dominant at lower frequencies including dc electric
field. Under the influence of a uniform polarization, the free charges move to the surface regions where the
. polarizations begin or end. According to a theorem of electrostatistics, the macroscopic electric filed caused by a
uniform polarization P is equal to the electric field in vacuum of a fictitious surface charge density,
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where n is the unit vector normal to the surface. The net potential across the bulk is the sum of the potential due to the
polarization and free charges. The free charges localized in the surface regions terminate the polarization. The electric
field produced by the free charges at the surfaces is therefore directed oppositely to that by the polarization. Thus the
free charges shield the internal electric field produced by the polarization. This shielding by free charges is related to
the Debye screening effect. The Debye screening length is given by

bp=af ELL
ncg* @
where ¢ is the permittivity of the material, k Boltzmann constant, T temperature, fic the carrier density, and g the
charge of the carrier. A value of {p = 10"m was estimated for a typical value of the photovoltaic effect in dielectrics
under 0.1mW/cm? illumination.6) This distance is small enough to screen the electric field due to the spontaneous
polarization within a typical 10-5m grain. Thus the static polarization of the bulk is screened by space charges when it
is illuminated. If the carriers freed by the light become trapped so as to set up the space-charge field opposing the field
due to the polarization, the photocurrent decays to zero in time. Therefore no contribution of static polarization in
steady current generation is expected for the photovoltaic effect in poled ferroelectrics.
The main features of the photovoltaic effect in ferroelectrics are summarized as follows:

1) This effect is observed in a crystal or ceramic having noncentric symmetry.

2) A steady voltage and/or current is generated under uniform illumination.

3) The magnitude in the induced voltage is much greater than the band gap energy of the crystal.
The crystal asymmetry was expected to be the basic condition for the ferroelectrics to have photovoltaic effects. From a
phenomenological point of view, presence of free carriers and a dc field inside the bulk is necessary to cause a steady
current. Experimental data of electric conductivity indicates that free carriers are produced in ferroelectrics by short-
wavelength excitation. Thus the generation of the electric field was our main concern. Many effects including
pyroelectricity, piezoelectricity and optical nonlinearity were theoretically examined in relation to the asymmetric
microstructure and the possibility of generating effective dc field under the UV illumination. It was found that an
asymmetric polarization caused by the illumination can result in an effective dc field. Consequently, the optical
nonlinearity of the second order was considered to be the most probable reason among these effects for the origin of
the bulk photovoltaic effect.

2. MODELING

The photovoltaic properties are attributed to the photocarriers and internal electric fields caused by short-

wavelength illumination. The optical nonlinearity of the second order was proposed as an origin generating photo-
induced dc field. We begin with the following expression for the polarization of dielectrics, considering the non-linear
effect up to the second order.

-— 2
P = 60( X1 Eop+X2 Eop) , (3)

where £, is the permittivity of vacuum, X} the linear susceptibility, X, the nonlinear susceptibility of the second
* order, E op the electric field at an optical frequency. For ferroelectric ceramics, the nonlinearity is expected to appear

as a result of the poling. The effect of the bias voltage to dielectric properties was considered to be negligible against '
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the poling voltage. Then the susceptibilities x| and x; were assumed to be constant as a first approximation. It is
possible to treat the problem in a one dimensional configuration, because the photocurrents and the photovoltages were
measured along the polar axis, as shown in Fig.1. Actually, no photocurrent was observed normal to the polar axis.
In this study, we treated the illuminating light as an electromagnetic wave which gave an electric field for charges in
dielectrics. When an alternating electric field with the amplitude E,,; at an optical frequency w,, is applied to a dielectric
material having nonlinear response, the polarization can be written as

P = & {X1 Eopcos(Wop ? )Y+ x2 Egp co'sz(w.,p 1)} , . )
where ¢ is the time. In a linear material, which corresponds to the case of x=0, the induced polarization will be

proportional to the applied electric field at any moment, resulting in a polarization oscillating at ,, as shown in

op
Fig.3(a). Figure 3(b) shows the relation between the induced polarization and the given field in a nonlinear material.
As a result of the nonlinear dielectric response, an asymmetric polarization wave is produced. The positive peak is
greater than the negative one in this case. Thus the induced polarization contains both the fundamental wave and the
higher order components. A fourier analysis of the second-harmonic wave shows that it contains not only the second-
harmonic component but also an non-zero average. This average term of the induced polarization can result in a dc
electric field for carriers.

In dielectrics the value of the local electric field is different from the value of the macroscopic electric field
An additional field due to the polarization charges appears in polarized dielectrics. For simplicity, we approximated the
local field in dielectrics by using the Lorentz relation calculated for the cubic symmetry,

Etoent = E + £2—
lm} 3£° jeeeneseasetautI Nttt S SRS S LSS SR SR TS S S e s s e (S)

where E is the macroscopic electric field. When an alternating electric field at a optical frequency is applied, the
local field in a dielectric material having second-order nonlinearity will be given by

Eiocal = Eop cos(Wop t ) + %"{Xl Eop cos(Wop t )+X2 E%p ‘:052(“-’0pt )}
Consequently one can obtain the average of the local electric field,

Ejocal = Jng E2,

It should be noted that the nonlinear polarization is produced by the nature of light as an electromagnetic wave and that
equation (7) is derived for nonlinear dielectrics under a coherent propagation of a light wave at a single frequency.
Moreover, this condition of coherent illumination may not be satisfied in a usual experiment where a mercury lamp is
used as a light source. The nonlinear effect will be affected by the degree of coherence. Therefore we used the
following expression for the effective dc field induced by incoherent light, considering the depression of nonlinear
effect due to the incoherence,

Eroo = €1 X2( E3p)Y (8)
where Cj is a constant, y a parameter expressing the depression effect. After changing the variable Eop to its intensity

Iop, One can obtain the expression for the average (dc) field induced by incoherent light,

Ege = Eiocal = C2 X203 | . )
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where ¢ is a constant. This field is considered to be an effective dc field for photoinduced carriers (i.e. voltage source
model).

' Next consider the generation of photocarriers and their motions under the effective field. The concentration of
carrier excited by optical irradiation will be governed by the rate equation,

dng n.
€lc —p_-RN2-2%
ar ¢ S

, (10)
where 1 is the carrier density, g the generation rate of the carrier, R the recombination rate of the carrier, and T the

intrinsic lifetime of the carrier. It is easy to find a solution for a steady-state. When the excitation is strong enough, the
carrier density reaches

_ 8
=YY% an

because the recombination process becomes dominant. The generation rate g is proportional to the light intensity /op,
thus the carrier density can be written as

— IOP
=G\ =% . (12)

where ¢3 is a constant . Introducing the carrier mobility p , the electric conductivity due to the photoinduced carriers is
given by

Cop= qNch (13)

where g is the charge of the photocarrier. Consequently the photoconductivity is obtained as a function of light
intensity,

— lop
Cop=C34 U R , (14)

The photocurrent will be the product of the photoconductivity and the photoinduced dc field, namely

Jp =oop Edc .

- (15)
Substituting equations (9) and (14) to (15), the expression for the photocurrent was obtained as

Jp=caqnxaqfk 137 (16)

where C4 is a constant. Equations (14) and (16) were derived theoretically for photovoltaic responses of ferroelectrics
based on the optical nonlinearity.

3. ANALYSIS OF EXPERIMENTAL RESULTS
Experimental results on the photovoltaic response of non-doped PLZT were analyzed in terms of the
nonlinear model proposed in the previous section. Figure 4 shows the photovoltaic current-voltage curves of a
PLZT(3/52/48) sample illuminated with various UV intensities by a mercury lamp. A linear dependence of the induced
current on the applied voltage was observed. Judging from this biased ohmic response, the photoinduced current
seemed to be independent of the applied voltage in this range, whereas the internal conductive current depends on the
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voltage between electrodes. The electric conductivity Oop Was calculated from the slope of the current-voltage curve

and plotted in Fig.5. The dark conductivity was neglected in this discussion, because it was two order of magnitude
smaller. The plot is in a logarithmic scale to find the probable exponent for the dependence on the light intensity Jop.
The present model was examined by comparing the Ggp-/p response with the prediction based on eq.(14). The
exponent for the photoconductivity on the dependence of light intensity was estimated to be 0.54, which was in a
good agreement with the theoretical expectation derived by the recombination process of the carriers. Figure 6 shows
the experimental results of (short-circuit) photocurrent Jp compared with the best fit line based on eq.(16) as a
function of illumination intensity. Photocurrents were plotted in terms of the current per unit width. The parameter y
of eq.(16) was estimated to be 0.46 by the exponential fit to the experimental data, indicating that the effective dc field
was proportional to (Iop)o-“. The parameter y should be between 0 and 1, according to the treatments deriving
€q.(16). A depressioniny value may be resulted from the incoherence of the illumination light by a mercury lamp.
Figure 7 shows the experimental results of (open-circuit) photovoltage Vp and the best fit line by an exponential fit
similar to eq.(16). It seemed that the photovoltage was proportional to the square root of the light intensity.

A further analysis of experimental data was made in relation to the depression effect due to the illumination
incoherence. The coherence can be classified into spatial and temporal ones. Since a partial coherence of illuminating
light will be achieved in a very small area, an increase in y value was expected for a thinner photovoltaic material.
The photocurrent for a thin PLZT sample with the thickness of 140 pm was measured as a function of light intensity.
Figure 8 shows the experimental results of photocurrent and the fitted line based on eq.(16). The exponential fit to the
experimental data gave y = 0.8 as the best fit value. Comparing with the previous result y = 0.46 obtained for a
thicker sample, an increase in the parameter y = was observed for a thinner photovoltaic sample. Thus the present
model was supported by the experimental data of photoconductivity and photocurrent.

4. CONCLUSIONS

The bulk photovoltaic effect in ferroelectrics was examined with respect to the properties resulted from the
optical nonlinearity. The generations of photoexcited carriers and the effective dc field by the nonlinearity under the
UV illumination were found to be a probable mechanism for the photocurrent and the photovoltage. This effective dc
field was calculated based on the nonlinear polarization and on the Lorentz field in dielectrics. Theoretical expressions
for the photoconductivity and the photocurrent were derived as functions of light intensity, carrier mobility, carrier
recombination rate and the nonlinear susceptibility of the material. The experimental results of photovoltaic current-
voltage data for PLZT ceramics were analyzed in terms of the electric conductivity and the effective field induced by
light. The square root law expected for the photoconductivity in the dependence on the illumination intensity was
supported by the experimental results for PLZT ceramics, suggesting that the carrier recombination is dominant in the
relaxation processes of photocarriers. A parametery was introduced to explain the depression of the nonlinear effect
due to the incoherence of illuminating condition. For a thick photovoltaic PLZT, the parametery was estimated to be
0.46, which implies that the magnitude of the effective dc field is proportional to the square root of the illumination
intensity. For a thinner sample, another value of y = 0.8 was obtained as a best fit value. This increase in y value
for a thinner sample was considered to be due to the reduction of spatial incoherence of the illumination. An
enhancement in the photovoltaic properties may be achieved for a very thin sample or by a coherent illumination. It
was first shown that the experimental data, namely the photoconductivity, the photocurrent and the photovoltage as a
function of the light intensity, were better fitted by the exponential functions proposed in this report than that by linear
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functions previously used. A plasma effect may also be involved in the motion of the charge carrying the photovoltaic
effect in ferroelectrics under a strong illumination. Linear functions could explain the response for a particular
condition. However, the nonlinear treatment will be required to obtain better fits to experimental results for over a
wider range of experimental conditions. Measurements of the carrier density and the electric field caused by the
incident light seem to be necessary in order to understand the microscopic mechanism of the photovoltaic effect. The
current to the external circuit is determined by the balance of the photocurrent and the intemal conduction current. An
extension of the model is under way to find the expression for photovoltage and current-voltage characteristics in
photovoltaic ferroelectrics.
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Figure captions

Fig.1. Experimental setup for photovoltaic measurements. An external voltage was applied to give a bias voltage to
the sample.

Fig.2. Typical current-voltage curve of photovoltaic effect in PLZT under a UV illumination. The photovoltage defined
as the open-circuit voltage was determined from the linear extrapolation of the current-voltage relation .

Fig.3. Linear and nonlinear relations between induced polarizations and electric field; (a) in a linear dielectric and (b) in
a crystal lacking inversion symmetry. '

/|«




Fig.4. Current-voltage characteristics of photovoltaic PLZT at room temperature illuminated with various intensities by
a mercury lamp.

Fig.5. Photoconductivity as a function of illumination intensity. Logarithmic scales were used to find the best fit
exponent. Experimental results gave a good agreement with the recombination mode! of photocarriers.

Fig.6. Photocurrent as a function of illumination intensity. The linear dependence found in the experimental results
suggested that the photoinduced dc field was proportional to the square root of the illumination intensity. The
parametery was estimated to be 0.46 by the curve fitting based on eq.(16).

Fig.7. Photovoltage as a function of illumination intensity. Curve fitting by an exponential function similar to eq.(16)
gave a good fit to experimental data.

Fig.8. Photocurrent measured for a thin PLZT. Curve fitting to the experimental data was made by using ¢q.(16),
giving y = 0.8 as the best fit value. Comparing this value with that in Fig.6, an increase iny for a thinner sample was
observed.



Fig.] Experimental setup for photovoltaic measurements.
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Abstract The ferroelectric materials with
high photovoltaic properties are of interest for
the new optical devices such as photostrictive
ceramic actuators. In pursuit of these high
performance photostrictive materials, the
present research examines the influence of
sample thickness and surface roughness on
photostriction of WO; doped PLZT ceramics.
A model for the calculation of optimum sample
thickness having maximum photostrictive
response is proposed. This model agrees well
with the experimental results, and it will help
in designing the photostrictive devices.

INTRODUCTION

Photostriction is the light induced strain in a
material by the virtue of photovoltaic and
inverse-piezoelectric  effect. Lanthanum-
modified lead zirconate titanate (PLZT) is one
of the proven' photostrictive materials which
are of interest for their potential usage as
wireless photo-driven actuators, relays, and
micro-robots [1,2]. The photostrictive effect
is driven by the absorption of illumination in
the surface layer of ceramics. Therefore, the
surface characteristics such as sample
thickness and surface roughness of the
photostrictive material are expected to have
strong bearing on the generation of
photovoltage and photocurrent.

In the present work, ceramics of PLZT
(3/52/48) doped with 0.5 at.% WO; have been
prepared by the conventional oxide mixing
process. The dependence of photostrictive
properties on sample thickness and surface
roughness are examined. A theoretical model is
proposed to quantify the influence of sample
thickness on photovoltaic response. This
model, well validated through experimental
measurements, will help in optimizing the
sample thickness of photostrictive materials.

EXPERIMENTAL PROCEDURE

PLZT (3/52/48) ceramics with 3 at.% La and a
Zt/Ti ratio of 52/48 and 0.5 at.% WO; as
dopant were prepared by the conventional
oxide mixing process, where PbCOs, La;0;,
ZrO,, TiO, and dopants (WO;) were mixed in
the proper ratio and ball milled for 48 h.
Subsequently, the slurry was dried, calcined at
950 °C for 10 h, and sintered at 1270 °C for 2
h. The detail of the process has been reported
elsewhere [3].

PLZT samples were cut to the standard size of
4x5 mm? with various thickness 50 pm -1 mm.
Samples were polished, electroded with silver
paste and electrically poled along the length (5
mm) direction in silicone oil at 120 °C under a
2 kV/mm for 10 min. Photovoltaic
measurements were done by using a high-




input-impedance electrometer (Keithley 617)
while the photostriction was measured by a
displacement sensor (LVDT, Millitron model
1301). A high pressure mercury lamp (Ushio
Electric USH-500D) was used as a light source.
The white radiation was passed through an IR
blocking filter and an UV bandpass filter to
obtain a beam with a maximum strength around
370 nm wavelength. The 4x5 mm? polished
surface of the sample was illuminated. The
experimental set-up for photovoltaic and
photostrictive measurements was reported in
an earlier paper [3].

RESULTS and DISCUSSION

Sample Thickness Dependence
When a sample is illuminated, the incident
radiation is absorbed as it penetrates into the
crystal lattice. The amount of light intensity
reaching at the thickness ‘x’ of the sample is
given as:

I(x) = Ioe'™ ™’ 1)
where I(x) is the light intensity at thickness ‘x’,
I, is the incident light intensity respectively, a
is the absorption coefficient of the sample.

The absorption coefficient (o) was determined
by measuring incident and transmitted light
intensity, using a digital power meter
(Newport model 815), as a function of sample
thickness.

o
—t-y = -0.49069 + -0.025169x R= 0.99803
-1 =3 -
g 2 = -l
‘ - -

4 2 Il | 2 2
40 6 80 100 120 140 160
Sample thickness (um)

Figure 1: Light intensity as a function of
sample thickness

Fig. 1 shows the plot between light intensity
as a function of sample thickness. The
absorption coefficient, determined from the
slope of this plot was found to be 0.0252um*'.

In case of thinner sample, there will be
substantial intensity ‘I’ throughout the sample
thickness, whereas for thick sample after some
distance the intensity ‘I’ will be very small or
negligible.  The relationship between light
intensity and photocurrent density formulated
by Glass [4] is given as:

Joh=kod )
where J;, is photocurrent density, and k is
photovoltaic coefficient. It is apparent from
Eq. (2), that the photocurrent will increase
with the intensity of radiation, resulting in a
higher photocurrent in the thinner samples. As
is expected, photocurrent increases (Fig. 2)
with decrease in the sample thickness.

Photocurreat (nA/cm)

[ ] 0.02 0.04 0.06 0.08 0.1
Sample thickness (cm)

Figure 2: Photocurrent as a function of
sample thickness

The relationship between sample thickness and
photovoltaic response has been illustrated in
Fig. 3. In this model, the absorption
coefficient is assumed to be independent of
light intensity and the photocurrent density is
taken to be proportional to light intensity.
The sample is assumed to comprise of thin
slices along the thickness direction of the
sample. A circuit diagram representing these
layers is also shown in the same figure.
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Figure 3: A proposed model for dependence of
photocurrent on sample thickness

The photocurrent flowing through one of the
layer of thickness ‘dx’, located at a distance of
x’ from the sample surface, can be obtained by
combining Eq. (1) and (2):
dio = wkodoe ™™ dx 3)
where di, is the photocurrent in this layer and
w is the sample width. The total photocurrent
i, passing through the sample can be obtained
by integrating Eq. (3), over the sample
thickness:

t
i, = Jwkod "™ dx = wkI,(1- e“®) (3)
0

The conductivity of this layer (6,) can be
expressed as a sum of dark conductivity (c,)
and photoconductivity (G,), given as:

0, (x) = (0, +0,1e5) (5
The total sample conductance (G,) (i.e. inverse
of resistance) can be obtained by integrating
Eq. (5), over the sample thickness.

0,] (1-¢
Waxdx “Y‘[O'dt'f‘ ph o(
L L o

!
G=_=;
0

(6)
where L is the electrode gap (length of the
sample). In order to measure the photocurrent
an external load of resistance R, was used.
The sample and external load are cormrelated as
following:

Ro(io—im) = Rmim @)
where i, is the measured photocurrent and R,,
is the external load (Keithley 617) resistance.
The Eq. (4), (6) and (7) can be rearranged as:

, wkIL 1—e )
im= —a)
adt O'pilo(l—e( )

1+ Rmw( 2 + o

@®
Fig. 4 shows the plot between iy, (normalized

with k) and sample thickness calculated for the
external resistance (R, = 200 TQ).
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Figure 4: The normalized im/k as a function
of sample thickness

As is evident from this figure, with increasing
in sample thickness, i, increases, reaches a
maxima, and subsequently it decreases with the
sample thickness. The optimum thickness (for
the current set of samples) which yield
maximum photocurrent is found at 32 pm
which is about the penetration depth of light.
It must be noted that the samples used in this
study are thicker than this optimum thickness.




It is also reflected in results shown in Fig. 2,
where the photocurrent is found to increase
with decrease in sample thickness.

Surface Roughness Dependence

In order to observe the surface roughness
effect, PLZT ceramics (3/52/48) with different
surface roughness were prepared by using SiC
powder of different grit size followed by final
finishing with diamond paste. The surface
roughness was measured by a profilometer
(Tencor, Alpha-step 200). The average surface
roughness was determined using the graphical
center line method. Fig. 5 exhibits the
photostriction of undoped PLZT as a function
of surface roughness.

Photoinduced strain (x10°5)

0o 06 1 16 2 25 3 3.5
Roughness (um)

Figure 5: Photoinduced strain as a function of
surface roughness

As is evident from this figure, photoinduced
strain increases exponentially with the decrease
in surface roughness. With increasing surface
roughness, the penetration depth of the
illumination decreases. = This result also
reiterates that photostriction is a surface effect
and surface preparation is of extreme
importance in the fabrication of high efficiency
photostrictive materials.

CONCLUSIONS

In the present study, dependence of
photovoltaic and photostrictive properties on
sample thickness and surface roughness of
WO; doped PLZT ceramics was investigated.
The surface nature of photostriction was
examined by using samples with different
thickness and  surface roughness.
Photovoltaic response was found to increase
with decrease in sample thickness. A model
for the calculation of optimum sample
thickness having maximum photostrictive
response has been proposed. The optimum
sample thickness for the sample used in
present study is calculated to be 32 pum. This
model agrees well with the experimental
results, and it will be very useful in designing
the photostrictive devices. The photostrictive
effect was observed to strongly decrcase with
an increase in sample surface roughness.
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Abstract. Lanthanum-modified lead zirconate titanate (PLZT) ceramic materials have gained considerable
attention due to their photostriction, which is the superposition of photovoltaic and piezoelectric effects. However,
the photovoltaic effect and the induced strain response are also influenced by the fabrication and processing
conditions. The PLZT ceramics produced by conventional oxide mixing process exhibit moderate photostrictive
properties due to the inhomogeneous distribution of impurities. In this study, ceramics of PLZT (3/52/48) doped
with WO; and Nb,Os were prepared by sol-gel technique using lead(Il) acetate trihydrate, lanthanum(III)
acetylacetonate hydrate, Zr, Ti, Nb, and W alkoxides. It was found that WO; and Nb,Os were effective in
suppressing the grain growth of PLZT, which lead to the enhancement of photovoltaic and photostrictive
properties. Photovoltaic and photostrictive responses showed a maximum for samples with 0.5 at% WO; doped
sol-gel PLZT. It has been shown that the sol-gel derived PLZT ceramics with proper density possess the
possibility of enhancing the photostriction over ceramics produced by conventional oxide mixing process.

Keywords: photostriction, photovoltaic effect, sol-gel, PLZT, doping effect, tungsten, niobium

Introduction

Lanthanum-modified lead zirconate titanate (PLZT)
ceramics are known to exhibit a range of interesting
electro-optical properties. The advantages of PLZT
ceramics are their high optical transparency, desirable
electrooptic properties, and fast response (Xu, 1991).
There have been many successful demonstrations of
the applications of PLZT. Recently, the application of
PLZT in photostrictive actuators has drawn consider-
able attention (Uchino and Aizawa, 1985; Uchino et
al., 1985; Sada et al., 1987; Chu et al,, 1994; Chu and
Uchino, 1995).

Photostrictive effect is the superposition of the
photovoltaic and piezoelectric effects. This effect is of
interest in the development of wireless remote control
photodriven actuators. Another promising application
will be in the new generation photoacoustic devices.
Photovoltaic effect and the strain response have been
shown to vary greatly for the different preparation
processes, even in materials with the same composi-

tion (Sada et al, 1987). In a ceramic material for
electro-optic application, a combination of good
ferroelectricity and high transparency is required.
This requirement can be met by a ceramic material
with high density, low porosity, and a homogeneous
composition. However, the conventional oxide
mixing process provides inhomogeneous distribution
of impurities, resulting in moderate photostriction
properties. The sol-gel process, involving chemical
precipitation (solution reaction) for preparation of
powder materials, has gained attention in comparison
to the conventional techniques due to its inherent
advantages in producing high density homogeneous
powder with a greater control on stoichiometry
(Chiou and Kno, 1990; Rahaman, 1995). In addition,
the obtained powders are finely divided and greatly
enhanced in reactivity, sinterability and transparency
over powders prepared by the conventional proces-
sing.

In this study, ceramics of PLZT (3/52/48) doped .
with WO; and Nb,Os were prepared by both the
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conventional oxide mixing process and the sol-gel
technique using lead(Il)  acetate trihydrate,
lanthanum(IIT) acetylacetonate hydrate, Zr, Ti, Nb,
and W alkoxides. The photostrictive effect and its
dependence on dopant and fabrication method were
investigated.

Experimental Procedure

PLZT (3/52/48) ceramics with 3 at% La and a Zr/Ti
ratio of 52/48 was selected due to its highest
photovoltaic effect [2]. PLZT (3/52/48) doped with
0.5 at% WO, and various concentrations of Nb,Os
were prepared by the conventional oxide mixing
process and the sol-gel technique. Figure 1 illustrates
a flow chart for the sample preparation by the
conventional oxide mixing process. In this method,
PbCOa, L8203, Zr0O,, TiO, and dopants (WO3 or
Nb,Os) were mixed in the proper ratio corresponding
to the composition and ball milled for 48 h. The slurry
was dried and calcined at 950°C for 10 h. The calcined

Weighing
PbCOj3. Le30y. 2r0). TiO
and doping (WO3 or NbyOs)

‘ Calcinstion 950 °C. 10 b )

Wet balt mill mixing 48 h
and drying

Mixing with binder

(llnder burn out (300 °C, 2h and 550 °C. 4k) '

Fig. 1. Flow diagram of sample preparation by oxide mixing
process.
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2- MOE 3.MOE
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'PLZToW/Nb Precurvors gel '
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1

‘PLZT « WINb Gel po-vdcf)

Fig. 2. Flow diagram of sample preparation by sol-gel process.
2-MOE: 2-methoxyethanol. Ti(OPr),: Titanium(TV) isopropoxide,
Zr(OBt),: Zirconium(TV) butoxide, W(OE1)s: Tungsten(VI])
ethoxide. Nb(OEt): Niobium(V) ethoxide.

powder was further ball milled for 48h and
subsequently sintered in air at 1270°C for 2h. The
flow chart for the sample preparation by the sol-gel
technique has been shown in Fig. 2. In the sol-gel
processing, lead(Il) acetate trihydrate,
Pb(CH;C00),:3H,0, lanthanum(IIT) acetylacetonate
hydrate, La(acac);-H;0, zirconium(IV) butoxide,
Zr(OCHy),, and titanium(IV) isopropoxide,
Ti(OC;H;)s, were used as precursors while
tungsten(VI) ethoxide, W(OC;H;s)s and niobium(V)
ethoxide, Nb(OC,Hs)s, were used as dopants and
2-methoxyethanol (2-MOE) was used as a solvent. Pb
and La precursors were mixed in the proper ratio and
dissolved in 2-MOE and used as precursor site A. The
solution was distilled and refluxed at 125°C and
cooled to room temperature. Precursor site B
comprising of Zr, Ti and dopant were mixed in the
proper ratio using 2-MOE as a solvent. The solution
was refluxed in Ar at 125°C and cooled to room
temperature. Subsequently, the solution was added
into the reflux solution of site A and was refluxed in
Ar at 125°C. The pH of this solution was adjusted to
10 by using nitric acid, before its hydrolysis. The
solution was then aged to yield a gel which was dried



to obtain the powder. After the removal of organics
at 400°C for 6h, the powder was calcined at 600°C
for 1h and sintered at 1250°C for 2h in air.

The density of the sintered samples was deter-
mined by the Archimedes method. Microstructure and
grain size of the samples were observed by scanning
electron microscopy (ISI-SX-40X Scanning Electron
Microscope, International Scientific Instruments, Inc.,
NY). Dielectric properties of PLZT samples were
measured with an impedance analyzer (HP-4274A).
Samples for dielectric measurements were polished to
about 10 mm in diameter and 1 mm in thickness, then
electroded with platinum (Pt) by sputtering.
"Piezoelectric properties of all the samples were
measured by using a Berlincourt d3; meter (Channel
Products, Inc.) at 100 Hz. Samples for piezoelctric
measurement were of the same configuration as for
dielectric measurements, except they were poled in
silicone oil at 120°C under a 2kV/mm electric field
for 10 min.

Photovoltaic measurements were done by using a
high-input-impedance electrometer (Keithley 617),
while the photostriction measurement was done by
using the displacement sensor (LVDT, Millitron
model 1301). These measurements were done by
radiating the light perpendicular to the polarization
direction. The samples of 5 x 5 x 1 mm® were cut and
polished for these measurements. The 5 x 1 mm?
surfaces were silver electroded. Poling was performed
by applying 2kV/mm electric field for 10min. in
silicone oil at 120°C. A high pressure mercury lamp
(Ushio Electric USH-500D) was used as a light source
for the measurement. The white radiation was passed
through an IR blocking filter and an UV bandpass
filter to obtain a beam with a maximum strength
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(Keithley 617)

High pressure IR Bandi Sam
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filter (248-390 nm)
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Fig. 3. Experimental set up for photovoltaic measurement.
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Fig. 4. Experimental set up for photostrictive measurement.

around 370nm and an intensity of 3.25mW/cm?,
before illuminating the samples (5 x 5 mm? polished
surface). The light beam with this wavelength has
been reported to yield the maximum photovoltaic
properties (Uchino et al., 1985). The experimental set-
up for photovoltaic and photostriction measurements
are shown in Figs. 3 and 4, respectively.

Results and Discussion
Relative Density

Figure 5 shows the relative sintered density of NbyOs
doped PLZT as a function of sintering temperature. A
relative density of 98% was achieved for PLZT oxide
samples sintered at 1200°C. The sintered density
saturated and remained constant as the sintering
temperature increased to 1300°C. On the other hand,
in the sol-gel PLZT a maximum density of 91% was
observed at a sintering temperature of 1250°C. The
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Fig. 5. Relative density as a function of sintering temperature
after 2 h sintering,
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(a)

Fig. 6. SEM micrographs of 1.0 at% Nb,0s doped PLZT ceramics prepared by (2) oxide mixing (b) sol-gel methods.

sintered density decreased as the sintering tempera-
ture was further increased. This was probably due to
the evaporation of PbO during sintering. As evident
from Fig. 5, the sol-gel PLZT exhibits lower density
as compared to the oxide PLZT at all the sintering
temperatures. This lower density was probably due to
finer and agglomerated particles, resulting in aggrega-
tion which was observed in some areas of NbyOs
doped sol-gel PLZT. However, the aggregation was
not observed in 0.5 at% WO, doped sol-gel PLZT,
which is one reason for the higher relative density of
this ceramic (93%) than Nb,Os doped sol-gel PLZT.
The high density in PLZT oxide samples is probably

2.5 v T8 T8 T

due to higher packing density without agglomeration
as compared to sol-gel ceramics. Figure 6 shows the
SEM micrographs of the sintered ceramic surfaces.
The 1.0 at% Nb,Os doped sol-gel PLZT in (b) clearly
showed large pores which were caused by the particle
agglomeration.

Grain Size

The average grain size is shown in Fig. 7as a function
of doping concentration. The average grain size
decreases with increasing doping concentration.
Nb,Os was found to be more effective in suppressing
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Fig. 7. Variation of average grain size with doping concentration.
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Fig. 8. Variation of (a) maximum dielectric constant (b) maximum dielectric loss with doping concentration.

the grain size as compared to WO, as a dopant. The
grain size of the sol-gel ceramics was smaller than
that of the oxide mixing ceramics when sintered at
1250°C for 2h.

Dielectric and Piezoelectric Properties

Figure 8(a) shows the change in the maximum
dielectric constant with doping concentration. The
number shown in the figure represents the relative
density of the samples at each composition. The
dielectric loss (tan8) as a function of doping

concentration is shown in Fig. 8(b). The maximum
dielectric constant was found to decrease with
increasing doping concentration for the case of
oxide mixing samples. This was partially due to the
lower grain size observed in PLZT doped oxide
mixing ceramics. The dielectric constant showed a
minimum at 1.0 at% Nb,Os doped oxide PLZT. Also,
the sol-gel PLZT doped with WO, has a lower
dielectric constant compared to the oxide PLZT dueto
the smaller grain size. However, the NbyOs doped
sol-gel PLZT exhibits higher dielectric constant as
compared to the oxide PLZT at the same composition.
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Fig. 9. Variation of piezoelectric constant with doping concentration.
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This may be due to the high dielectric loss observed in
this ceramic (Fig. 8(b)). Higher dielectric loss in sol-
gel samples may be due to loss through grain
boundaries and pores.

- The piezoelectric constant as a function of doping
concentration is shown in Fig. 9. The measured value
of ds3 decreases with increasing doping concentration.
Also, the sol-gel ceramics exhibit lower ds3 as
compared to the oxide ceramics. With decrease in
grain size, the domain wall contribution to the
piezoelectric properties drops off, leading to this
decrease in piezoelectric constant.

Photovoltaic and Photostrictive Properties

Figure 10 shows the variation of photovoltaic
responses with doping concentration for the samples
doped with WO; and Nb,Os. All dopants were found
to enhance the photovoltaic responses. The photo-
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voltage reached more than 1kV/cm and the
photocurrent was of the order of nA/cm. As in the
previous papers, the current density was normalized
only with respect to the width of the illuminated
surface, but not to the depth. Both the photovoltage
and photocurrent revealed a maximum at 1 at% of
doped Nb,Os in the oxide PLZT. WO, doped sol-gel
PLZT showed the maximum photovoltaic response
among all the samples. This may be attributed to
higher degree of homogeneity and uniform distribu-
tion of dopant and a stoichiometry in compositions for
this sample. Lower photovoltaic properties were
observed in Nb,Os doped sol-gel PLZT. In general,
increase in photovoltage will enhance photostriction
and increasing photocurrent will increase the response
speed. The photostriction is estimated as the product
of the photovoltage and the piezoelectric coefficient
(Uchino and Aizawa, 1985, Sada et al., 1987; Chu and
Uchino, 1995). It can be expressed by
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Fig. 11. Variation of (2) photoinduced strain (b) response time with doping concentration.



Xpp = d33Ep (1 — exp(—1/RC))

where x,, is photoinduced strain, da3 is piezoelectric
coefficient, E,, is the saturated photovoltage,  is
Atime, R is the resistance, and C is the capacitance of
samples. RC is referred to as time constant or
response speed which suggests that a sample with
high photocurrent will give fast response speed as
compared to slow response samples. These effects are
confirmed in Figs. 11(a) and 11(b), where the change
in photostriction and response speed are shown as a
function of doping concentration. Similar changes in
photovoltaic behavior with doping concentration was
observed in the photostrictive effect. The maximum

photostriction was found in WO; doped sol-gel

PLZT. In the Nb,Os doped oxide PLZT, the largest
photostriction was observed in the sample with 1.0
at% Nb,Os. Also, the WO; doped sol-gel PLZT
exhibited the fastest response time among all the
samples. The fastest response time among Nb,Os
doped oxide PLZT, was obtained at 1.0 at% Nb,Os.
The lower photostriction and the slow response speed
in Nb,Os doped sol-gel PLZT can be due to the
agglomeration of fine powder which resulted in a
lower density.

Conclusions

WO; and Nb,Os were effective in suppressing the
grain growth which leads to the enhancement of
photovoltaic and photostrictive properties in PLZT.
Although WO, was less effective in suppressing the
grain size, due to its inherent dopant property, it was
more effective in enhancing the photovoltaic and
photostrictive responses. Dielectric and piezoelectric
properties were found to decrease with increasing
doping concentration due to the smaller grain size. In
general, the dielectric and piezoelectric properties can
be enhanced by doping with donors such as WO5 and
Nb,Os. However, they also decrease with decreasing
grain size due to a drop in domain wall contribution.
The lower dielectric and piezoelectric properties
found in doped ceramics indicate the dominance of
the grain size effect. Although the relative density of
sol-gel PLZT is lower than oxide PLZT at the same
composition, the preliminary results showed that the
maximum photovoltaic and photostrictive effect were

Photostriction of Sol-Gel Processed PLZT Ceramics 111

obtained for 0.5 at% WO; doped sol-gel PLZT. This
may suggest that a better homogeneity and a closer
control of stoichiometry in sol-gel technique as
compared to oxide mixing process give rise to
higher photovoltaic and photostrictive properties.
The aggregation and low density observed in Nb,Os
doped sol-gel PLZT was the reason for lower
photovoltaic and photostrictive responses as com-
pared to the WO; doped sol-gel PLZT.

In conclusion, the preliminary results in this study
suggest that the sol-gel technique possesses the
possibility in enhancing the photostriction in PLZT.
It must also be noted that if the density of sol-gel
processed PLZT can be increased through particle
size distribution and by controlling the agglomeration,
even further improvement in photostrictive response
will be achieved.
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